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Tunable CW single-frequency source for injection seeding 2-tm lasers

Robert L. Byer

Principal Investigator

Abstract

The objective of ihis program was developme5 of stable, single-frequency,

continuous-wave (CW) optical parametric oscillators (OPOs) for the application
of injection seeding pulsed lasers. Progress has been made in the

demonstration and performance characterization of doubly resonant optical

parametric oscillators (DROs) operating near degeneracy pumped by 532-nm

CW radiation obtained from second harmonic generation of diode-array-
pumped Nd:YAG lasers. It was observed that the OPO reproduced the

coherence of the pump radiation with little additional noise. A detailed analysis

of the tuning and control properties of the DRO helpful for development of
active stabilization techniques has been completed. Design considerations for a
2-tm DRO based on this analysis are presented. Stabilization of the DRO
requires synchronized control of at least three parameters; temperature, pump

frequency, and applied potential for electro-optic tuning are considered.
Research on this topic is continuing motivated by a the exceptional coherence

and tuning properties of the OPO and applications involving optical frequency
synthesis that will extend far beyond injection seeding.
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Tunable CW single-frequency source for injection seeding 2-ptm lasers

I. Introduction

The objective of this program has been to develop stable, single-frequency optical

parametric oscillators that can be used for injection seeding pulsed lasers to obtain

reproducible single-mode operation. The Thulium and Holmium laser systems operating

near 2.0 pgm are of particular interest. There are a number of applications for single-

frequency lasers at this wavelength including eye-safe transmitters for LIDAR and

communications systems, and sources of pump radiation for nonlinear optical frequency

conversion to other regions of the infrared spectrum. The research results of this program

will allow the construction of optical parametric oscillators for the injection seeding

application. More importantly, however, these results are leading toward the more general

use of optical parametric oscillation as a precise and versatile technique for optical

frequency synthesis.

Optical parametric oscillators have not been widely considered for the generation for

injection seeding or injection locking radiation. Because of the complexity of their

operation,1 doubly resonant parametric oscillators (DROs) were often assumed to be so

unstable and difficult to control that there use should be avoided. Singly resonant optical

parametric oscillators (SROs) are much simpler, but they have much higher thresholds for

oscillation and have only been operated in the pulsed mode. Even pumped with long

R. G. Smith, "A study of factors affecting the performance of a continuously pumped doubly resonant

optical parametric oscillator," IEEE J. Quantum Electron. QE-9, pp. 530-542, (May, 1973).
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pulses, however, simple SROs typically operate with a multimode output.2 If careful

measures are taken in the operation of an SRO, it is possible to force single mode

oscillation and allow continuous tuning34 , but this quickly leads to very elaborate

systems. The central conclusion presented here is that the DRO can be made to operate

with single-mode output with reasonable active stabilization techniques. The double

resonance condition provides additional frequency selectivity forcing single mode

operation even in pulsed DROs.5 We have extended the operation of the diode-laser-

pumped monolithic DRO to continuous-wave (CW) operation and, in addition, find that

the DRO essentially reproduces the coherence of the pump. Based on characterization of

the pulsed and CW operation, the DRO theory is extended to allow analysis of techniques

for continuous tuning and active stabilization.

The properties of the CW DRO are particularly well suited for injection seeding of

pulsed lasers. The output of a DRO is widely tunable, and a single OPO could be used to

injection seed a variety of laser systems. Ring geometry parametric oscillators have gain

in only one direction, and for this reason offer high resistance to optical feedback. Recent

advances in solid-state lasers combined with improvements in nonlinear optical materials

2 W. J. Kozlovsky, E, K. Gustafson, R. C. Eckardt and R. L Byer, "An efficient monolithic
MgO:LiNbO 3 singly resonant optical parametric oscillator," Opt. Lett. 13, pp. 1102-1104 (December
1988).

3 S. J. Brosnan and R. L. Byer, "Optical Parametric Oscillator Threshold and Linewidth Studies," IEEE
J. Quantum Electron. QE-IS, 415 (June 1979).

4 T. K. Minton, S. A. Reid, H. L. Kim and J. D. McDonald, "A scanning, single-mode, LiNbO3,
optical parametric oscillator, Opt. Comm. 69, pp. 289-293, (Jan. 1. 1989).

W. I. Kozlovsky, C. D. Nabors, R. C. Eckardt and R. L Byer, "Monolithic MgO:LiNbO 3 doubly
resonant optical parametric oscillator pumped by a frequency-doubled diode-laser-pumped Nd:YAG
laser," Opt. Lett. 14, pp. 66-68 (Jan. 1, 1989).



now offer the opportunity of highly stable CW single-mode operation. We have

investigated ring-geometry, LiNbO3 OPOs pumped at a wavelength of 532 nm. The

pump radiation was produced by semiconductor-diode-laser-pumped, nonplanar-ring-

oscillator, Neodymium lasers operating at 1.064 tm. The laser output was converted to

532 nm by externally resonant second harmonic generation.6 The two-step nonlinear

optical process of harmonic generation followed by parametric oscillation was chosen

because noncritical phase matching was possible in each stage with the result of relatively

high overall efficiency at low power levels.

Research on optical parametric oscillators draws on a number of fields that are

rapidly evolving. It is quite possible that new nonlinear optical materials will allow other

schemes for parametric generation of specific wavelengths. Periodically poled nonlinear

optical materials, 7. 8 for example, could revolutionize many of the techniques of nonlinear

optical frequency conversion. Quasi-phasematching 9 and tailored periodicity can provide

noncritical phase matching for nonlinear optical processes at wavelengths where it is not

possible with existing materials. The techniques of integrated optics can also be applied to

6 W. J. Kozlovsky, C. D. Nabors and R. L. Byer, "Efficient Second Harmonic Generation of a Diode-

Laser-Pumped cw Nd:YAG Laser Using Monolithic MgO:LiNbO 3 External Resonant Cavities," IEEE
J. Quantum Electron. 24, 913 (June, 1988).

E. J. Lim, M. M. Fejer, and R. L. Byer, "Second harmonic generation of green light in periodically
poled planar lithium niobate waveguide," Electron. Lett. 25, pp. 174-175 (Feb. 2, 1989).

8 G. A. Magel, E. J. Lim, M. M. Fejer, and R. L. Byer, "Second harmonic generation in periodically-

poled LiNbO 3 ," Optics News 15, pp. 20-21, (Dec. 1989).

9 M. M. Fejer, G. A. Magel. and E. J. Lim, "Quasi-phase-matched interactions in lithium niobate,"

Proc. SPIE 1148 Nonlinear Optical Properties of Materials," pp. 213-224 (1989).

-3-



parametric oscillators. 10 It is possible in the future that the nonlinear optical use of single-

domain, bulk, inorganic crystals may be limited to applications such as those involving

high power or perhaps very high optical coherence. There is also rapid development in

lasers which are used to generate the pump radiation. With the materials and lasers

available now, monolithic DROs fabricated from LiNbO 3 and diode-laser-pumped

Nd:YAG lasers are good choices for a CW 2-gm DRO, but better choices could become

available. The basic theory and technology developed in this program, however, will be

easily adapted to the new systems.

The detailed results of this program are presented in three appendices to this report.

Two of these appendices are reprints of journal publications, and the third is a copy of a

manuscript which has been submitted for publication. Appendix A describes the operation

of the near-degeneracy DRO with output tunable between 1007 to 1129 nm. I1 Appendix

B describes the characterization of the coherence properties of this DRO.' 2 The work

described in the second appendix was performed after the completion of this contract, and

it was supported by a subsequent contract. The theoretical development 13 in Appendix C

was performed over a period of time that spanned the performance period of both

contracts. A discussion of these results is presented in the next section. The theory and

10 H. Suche and W. Sohler, "Integrated optical parametric oscillators," Optoelectronic - Devices and

Techniques (Tokyo) 4, pp.1-20, (June 1989).

11 C. D. Nabors, R. C. Eckardt, W. J. Kozlovsky, and R. L. Byer, "Efficient, Single-axial-mode

operation of a monolithic optical parametric oscillator," Opt. Lett. 14, pp. 1134-1136, (Oct. 15,

1989).

12 C. D. Nabors, S. T. Yang, T. Day, and R. L. Byer, "Coherence properties of a doubly resonant

monolithic optical parametric oscillator," J. Opt. Soc. Am. B, 7, pp. 815-820, (May 1990).

13 R. C. Eckardt, C. D. Nabors, W. J. Kozlovsky, and R. L. Byer, "Optical parameteric oscillator
frequency tuning and control," submitted to J Opt. Soc Am. B.
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analysis is applied to design considerations for a 2-pm DRO in section m. A summary

and discussion of continuing research related to this program is given in the final section.

II. Research Progress

a. CW-pumped, near-degeneracy DRO

The DRO with which we demonstrated CW operation was similar in construction to

the pulsed pumped DRO with which we worked earlier. The major difference was that the

coatings of the CW DRO had higher reflectivity. Both monolithic DROs employed ring

paths formed by reflections from two high-reflectivity multilayer-dielectric-coated

surfaces near normal incidence and an uncoated total internal reflection surface at a grazing

incidence. The coated reflecting surfaces had 10-mm radius of curvature, and the length

of the MgO:LiNbO 3 resonators was 12.5 mm. The calculated beam waist for these

cavities was w0 = 27 gm. Temperature tuned noncritical phase matching was used. A

variable potential was aic applied to metal electrodes on crystal surfaces perpendicular for

the crystalline b-axis to permit fine tuning of the cavity resonances and phase matching.

We had 30 mW of single-frequency 532-nm CW radiation available to pump the

DROs. The experimentally observed threshold for the higher-finesse DRO was 12 mW.

The lower-finesse DRO had a CW threshold of 35 mW which was later observed with a

higher power laser that could generate up to 150 mW at the 532-nm second harmonic.

Initially, however, it was possible to reach threshold of the lower-finesse DRO only by

pulsing the diode-laser-pumped Nd:YAG laser.

The added frequency selection of the double resonance condition resulted in single-

mode-pair oscillation for both the pulsed and CW DROs. Output frequency distributions
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were measured with a 300-MHz-free-spectral-range scanning interferometer and a one-

meter grating monochromator. The pulsed DRO was remarkable constant both temporally

and spectrally from shot to shot at 320 kHz repetition rate, but did have a tendency to drift

on longer time scales. Stable CW operation was attained for periods up to a couple of

minutes. Initial attempts at dither-and-lock operation of the CW oscillator were only

partially successful.

The CW DRO is capable of very high efficiency with optimization of parameters and

displayed good efficiency even with the constraints of the initial observations. A pump

depletion of 78% was achieved at twice threshold. At this level of deletion, 39% of the

transmitted pump energy was contained in the DRO signal and idler outputs. This shows

that there was approximately 0.37% round-trip internal power loss and 0.37% output

coupling for the finesse F-= 960 DRO operating near degeneracy with 1035- and 1096-nm

signal and idler outputs. Projections from earlier experiments had placed internal losses at

0.4%, and output coupling was specified to be 0.5% both in reasonable agreement with

observation. It is customary in such experiments to first demonstrate the operation

desired, and then to optimize performance. Increased pump power and adjusted output

coupling and cavity geometry could increase overall conversion efficiency, but the

efficiencies achieved are satisfactory.

Both the pulsed and CW DROs were used to characterize temperature and voltage

tuning. Tuning on the broadest scale is centered around the temperature tuned phase-

matching tuning curve. On a more detailed scale, tuning of the DRO consists of

superimposed series of discontinuous wavelength changes of hops between adjacent axial

modes. Each of these series of mode hops is centered on a cluster curve which intersects

the phase-matching curve. The larger wavelength change between separate series of mode
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hops is referred to as cluster jump and involves a change of typically a hundred or more

axial modes. Cluster jumps are more numerous when cavity finesse is higher.

DRO tuning was observed by incrementally changing temperature and ramping

applied potential. The full extent of tuning of the CW DRO was 1007 to 1129 nm limited

by the high-reflectivity region of the dielectric coatings. The greatest wavelength extent of

electric field tuning was plus or minus 19 nm centered on degeneracy. The extent of

electric field tuning decreases with detuning from degeneracy. In preliminary servo

control experiments, the DRO was able to follows tuning of the pump laser but only for 90

M]Hz. The mode spacing of the DRO cavity was 5.1 GHz, and the theoretical analysis

described in section Ilc and Appendix C shows that continuous tuning can extend through

an extent greater than the mode spacing. The tuning measurements described above and

the coherence measurements described in the next section provide the experimental basis

for the theoretical modeling.

b. Coherence properties

The coherence properties of the DRO are remarkable and have recently been the

subject of a number of investigations in quantum optics and squeezed state generation. A

property that is important in the generation of radiation for injection seeding is that DROs

have the capability to provide highly coherent output reproducing the statistical properties

of the pump with very little additional noise. This has been shown theoretically by

Graham and Haken 14 in a quantum mechanical analysis of the DRO, and it has been

demonstrated in experimental measurements of the coherence properties of the DRO. The

14 R. Graham and H. Haken, "The Quantum-Fluctuations of the Optical Parametric Oscillator. I," Z.
Phys. 210, pp. 276-302, (1968).
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quantum mechanical analysis showed that the diffusion of the sum of the signal and idler

wave phases follow the phase diffusion of the pump wave adiabatically. Although the

phase difference of the signal and idler may diffuse in an undamped manner, the statistical

properties of a DRO are basically the same as those of an ideal laser. A result of these

properties is the addition of only a small amount of phase noise in the output of the DRO

above that present in the pump.

It has been confirmed that the DRO essentially reproduces the pump frequency

stability in coherence measurements of the output of a cw DRO. [ref. 12 and Appendix B]

For periods of approximately one minute, the free-running DRO which was not servo

locked would oscillate on a single mode pair without a mode hop. Measurement of

beating between the DRO output and an independent diode-laser-pumped solid-state laser

during the periods between mode hops demonstrated the frequency stability. The beatnote

linewidth was 13 kHz, which was the expected value for the typically 10-kHz linewidths

of the pump laser and independent reference laser. The scanning interferometer

measurements described earlier were limited to the instrument resolution of a few

megahertz.

Additional coherence measurements showed that the signal and idler were phase-

anticorrelated when referenced to the pump laser. Also, the width of the signal-idler

beatnote with the DRO near but not at degeneracy was 500 Hz. The signal-idler beamote

indicates the frequency fluctuations added to the DRO output in addition to those present

on the pump. The resolution of this beatnote measurement was approximately 300 Hz,

indicating addition frequency jitter of a few 100 Hz in the individual DRO outputs. This is

well below the 10 kHz short term frequency stability of the pump laser.

-8-



c. Tuning and control

The combined requirements of double resonance, conservation of energy, and phase

matching result in complicated tuning behavior for the DRO. An analysis of tuning that

considers temperature dependent dispersion, thermal expansion, and the electro-optical

and piezoelectric effects is presented in detail in Appendix C and summarized here. Earlier

analyses 15.1 are extended to provide a quantitative description of spectral hops between

adjacent axial modes and the larger discontinuous frequency changes of cluster jumps in

agreement with experimental observations.

Control of three parameters such as pump frequency, temperature, and applied

electric field is required to attain optimum phase matching and frequency matching of the

cavity resonances for DRO operation. If mode hops are prevented, the pump frequency

change is divided between the DRO signal and idler Temperature change can be used to

maintain phase matching and applied potential to maintain frequency matching through

feedback techniques. DROs should find application for slowly tuned, incrementally

tuned, and fixed frequency operation, whereas singly resonant optical parametric

oscillators (SROs) have advantages for rapidly tuned and transient pulse operation.

With at least three partially independent control parameters, the operation of the

DRO is becoming difficult to understand on an intuitive basis. The extended theory

provides explanation useful for devising control techniques and provides information on

tolerances required for stable operation. Considering the parameters individually, stable

operation of the monolithic MgO:LiNbO3 DRO described above requires pump frequency

15 J. A. Giordmaine and R. C. Miller, "Optical parametric oscillation in LiNbO 3," in Physics of
Quantum Electronics, P. L. Kelley, B. Lax and P. E. Tannenwald, eds. (McGraw, New York, 1966),
pp. 31-42.
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be held constant within 5 or 10 MHz, applied potential to a volt or so, and temperature to

approximately 0.001 "C. The pump frequency control could be realized with good

temperature control of a monolithic solid-state laser. The voltage tolerance is also

reasonable. Temperature control to a millidegree, particularly at a temperature near 270 "C

would pose a problem. It would be better to consider temperature control and voltage

control together. Applied potential could be used to maintain frequency matching of the

cavity modes compensating for temperature drift outside of the fixed parameter operating

range. The extent of voltage change required to maintain stable operation could then serve

as an error signal for correcting temperature to reach the best phase matching. The tuning

and control theory is applied to the 2-pm monolithic MgO:LiNbO 3 DRO in section Mb.

First some more basic questions of threshold are considered.

III. Design considerations for a 2-pm DRO

a. Threshold

The pump power threshold for parametric oscillation is an important parameter in

design considerations. Obviously it is desirable to have threshold well below the available

pump power. If pump power greatly exceeds threshold, conversion efficiency will be

reduced by conversion of the signal and idler radiation back to the pump by the inverse

parametric process. Threshold power and cavity parameters will also indicate if the

proposed operation is within the power handling capability of the nonlinear optical material

and other cavity components.

Threshold calculations are presented for monolithic LiNbO 3 DROs pumped at 532

un. Operation near degeneracy with MgO:LiNbO3 is considered for comparison with
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demonstrated DROs, and thresholds are projected for operation with congruent LiNbO3 at

signal and idler outputs near 2.1 gtm and 700 mu. These calculations are compared with

other materials and SRO cavities. The threshold relationship used here is that given by

Boyd and Kleinman 16 and considers focused Gaussian beams with diffraction and

birefringent walkoff. The equation as used here is restated in MKS units.17 This equation

and definition of the parameters involved are given in Table I. Perfect phase matching and

perfect frequency matching of the cavity modes is assumed.

In calculating thresholds for the near degeneracy MgO:LiNbO 3 DROs, a nonlinear

coefficient of -4.7 pm/V is used. This value was obtained by phase-matched second

harmonic generation18 , and it it slightly smaller than the value for congruent lithium

niobate obtained by the parametric fluorescence measurement technique.19 The

parametric fluorescence value is still used in calculations for congruent LiNbO3 . The

calculated value for the fimesse = 360 near-degeneracy DRO is 31 mW good agreement

with the observed value of 35 mW. The calculated value for the finesse = 960 DRO is

about one-third of the observed value. This difference could be due to errors in mode

matching or transient effects which would occur as the high finesse DRO was scanned

through resonances.

16 G. D. Boyd and D. A. Kleinman, "Parametric interaction of focused Gaussian light beams," J. Appl.

Phys. 39, pp. 3597-3639 (July 1968).

17 R. L. Byer, "Optical parametric oscillators," in Quantum Electronics: A Treatise, vol. 1, part B, H.
Rabin and C. L. Tang, eds. (Academic, New York, 1975) pp. 588-702.

18 R. C. Eckardt, H. Masuda, Y. X. Fan, and R. L. Byer, "Absolute and relative nonlinear optical

coefficients of KDP, KD*P, BaB20 4 , LiIO3 , MgO:LiNbO 3, and KTP measured by phase-matched

second harmonic generation," to be published, IEEE J. Quantum Electron. 26, (May 1990).

19 M. M. Choy and R. L. Byer, "Accurate Second- Order Susceptibility Measurements of Visible and

Infrared Nonlinear Crystals," Phys. Rev. B 14, 1693 (15 Aug. 1976).
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Table I. Equations for DRO and SRO threshold pump powers and
description of terms.

42 42
= e 4n aa 2  Co C o a

P3.DR0 2 -0 3,S RO d 2 (1 0y2)
2 0 3d ( 1- y2)2 1 h (B,4C)o d ( 1- y2) 2 I h- (B, 4)

P3 threshold pump power in Watts

= 8.85 x 10.12 Coulomb 2 / Newton-m 2

c = 3 x 108 m/sec
no = ( n, + n2 ) / 2 where n" and n2 are the indices of

refraction at the signal and idler wavelengths A1 and A2,
and 1/2l + 1/A2 = 1 A3 where 23 is the pump wavelength.

2a = cavity round trip power loss at .

2a 2 = cavity round trip power loss at A.2.

(o = ( o)1 + o ) / 2, average angular frequency in radians
per sec. o = 2 rc / A 1 and o)2 = 2 z c / L2

d, nonlinear optical coefficient

r= ( (o1 --cL ) / ( wo1 + o 2 ), a factor that determines
increase in threshold when tuned away from degeneracy.

I crystal length in meters

B double refraction parameter, B = 0 for 90" phasematching.
In other cases B = p (I (ono/c )1/2 /2, where p is the
birefringent walkoff angle.

4 = 1 / bo, 4 is the focusing parameter and b. is the
confocal parameter given by b0 = ( 2R I - 12 )1/2 where R
is the radii of curvature of the two OPO cavity mirrors.

-e(B,4) OPO gain reduction factor (see reference 10 or 13
for a complete explanation.) For B = 0 there is a broad
maximum of hm = 1.068 at 4 = 2.84. In the case which is
described here 1 = 0.0125 m, 4= 1.29 and hm = 0.89. A
second example which is used for comparison of some angle
tuned crystals is hm(B=4,4). 1) 0.04.
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Table H. Temperature-tuned, noncritically-pbase-matched

OPO thresholds, I = 1.25 cm, 8 = 0, : 1.29

Mateial MO:L4NbO3--- conpuent LiNbO3 -)p

oscillaor DRO DRO DRO SRO

TpM 107"C 26YC

Finesse F' 960 Fa 360 5= 500 F2 500

, 1064 nm-n 2128 n -

2 + 709 nm

A3  
532 nm

at 2.232 -- 2.14-- *

n2 2.272

n3 2.253 0.

def 4.7 pm/V 5.6 pm/V -

Ph.cakc 4.4 mW 31 mW 20 mW 6.4 W

PTh.bs 12 mW 35 mW --

Table M. Thresholds for some angle-tuned

DROs, F = 500, B = 4, C = 0.1.

Material congruent KTP KNbO3LiNbO3

Phase Type-I Type-i Typo

matching

8PM 45.4" 53.9' 39.8"

0 30 0 90"

p 1.98" -2.74" 3.58"

A, 2128 am - . 2128 nm

A2  709 nm

A3  1064 nrn- .- 532 nm

n! 2.193 1.772 2.198

n2 1.722

n3  1.747

1 0.83 cm 0.54 cm 0.20 cm

5.1 pm/V 2.7 pm/V 5.2 pm/V

PlMx* 3.6 W 13 W 2.9 W

13 -



A finesse of 500 is assumed for the 2-gm DRO. Congruent LiNbO 3 is used in the

calculation because it phase matches at a temperature about 100 "C lower than

MgO:LiNbO 3. The calculated threshold for the 532-nm-pumped, 2-jm DRO is 20 mW.

This level of pump radiation is easily produced by externally resonant second harmonic

generation of diode-laser-pumped Nd:YAG lasers. The threshold for a 532-nm-pumped,

2-pm SRO is more than two orders of magnitude larger. Some of the details of these

calculations are given in Table II. For comparison, the results of threshold calculations for

three angle tuned DROs are given in Table III. Birefringent walkoff greatly increases

these thresholds, which are also a couple of orders of magnitude higher than the threshold

for the noncritically-phase-matched DRO. Two noncritically-phase-matched steps of

nonlinear optical frequency conversion, second harmonic generation followed by

parametric oscillation, are easily achieved using existing diode-pumped solid-state lasers

as sources of pump radiation.

b. Tuning and control projections

The DRO tuning and control theory described in Appendix C is applied to the 532-

nm-pumped, 2-pm DRO in this section. The same monolithic ring geometry is assumed

as used for the near-degeneracy DROs. The nonlinear optical material is congruent

LiNbO 3 which will phase match at about 263"C. The phase-matching tuning curve is

shown in Fig. la. The temperature range is restricted to above 180"C and below 300"C.

Operating above the lower limit avoids any problem with photorefractive changes in the

material when pumped with intense green light. The higher limit is chosen to avoid

thermal damage to the dielectric coatings. The multilayer SiO2-TiO2 coatings are applied at

275"C; the upper temperature limit for their use is unknown, but 300"C should be safe.

Test coatings on a congruent LiNbO3 wafer had minimum transmission of 0.14% at

2090 nm and 712 nm. The coating, which is a quarter wave stack at 2.1 jim, is a three-

- 14-



quarter wave stack at 0.7 gim where it also has high reflectivity. Transmission was less

than 0.5% (indicating greater than 99.5% reflectivity) from 1980 - 2090 nm and from 695

- 729 nm. Coating reflectivity is expected to limit the tuning range.

The phase-matching requirement and the conservation of energy condition that signal

and idler frequencies sum to the pump frequency specify the phase-matching curve. In

addition the DRO must have the signal and idler resonances coincide in satisfying the

conservation of energy condition. The result of this additional constraint is seen in high-

resolution examination of DRO tuning which shows the output occurring near one of the

three cluster curves closest to phase matching. Calculated cluster curves for temperature

tuning at constant applied potential are shown in Fig. I b, and for electric-field tuning at

constant temperature are shown in Fig. 2a. The cluster curves are displayed with the

phase-matching curve and the gain-bandwidth limit in these figures.

Examining the tuning along an individual cluster curve in even greater detail will

show the DRO output occurring in a series of mode hops. Dispersion becomes

significantly larger for signal and idler when the DRO is tuned far from degeneracy as is

the case for a 532-nm-pumped OPO with outputs at 709 and 2128 nm. The result will be

that the cavity resonance widths will limit tuning to a smaller range than the tuning range

between mode hops. The widths of the cavity resonances are related to the cavity finesse.

A finesse of 500 is again assumed for these calculations. This finesse also corresponds to

a round trip power loss of 1.13%, well within what is possible with the reflectivity of the

test coating. A detailed calculation of electric field tuning along a cluster curve at constant

temperature and constant pump frequency is shown in Fig. 2b. Three calculations of

single parameter tuning for electric field, temperature, and pump frequency are shown in

Figs. 3a, b, and c.
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curves and gain-bandwidth limits it addition to the phase-matching curve. DRO output
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Parameter tolerances are similar to those for the near-degeneracy DRO. Changes in

the pump frequency will be nearly equally divided between signal and idler until a mode

hop occurs. At any given temperature within the broad phase-matching range, stable

operation will require applied potential be held within approximately one volt.

Temperature can be adjusted to reach optimum phase matching, provided voltage

adjustment can follow to maintain frequency matching of the cavity modes. Voltage

dither-and-lock techniques should be well suited for this application. It will be required

that the dither frequency be greater than the cutoff frequency for thermal effects in the

monolithic resonator. The tuning and control requirements of this 2-p m DRO are within

the capabilities of existing technology.

c. Issues to be resolved

We are now to the stage of having components prepared to attempt 2-p.m DRO

operation in a standing wave cavity. This will provide the first experimental measurement

of threshold and will demonstrate that the high-reflection coatings can stand up to the

thermal cycle. After this demonstration, the standing wave resonators will be fabricated

into ring geometry and electrodes will be applied for electric field tuning.

Several problems became apparent in the course of the pulsed and CW DRO

experiments. The MgO:LiNbO3 exhibited a lifetime of approximately 100 hours of use in

resonant cavity second harmonic generation and parametric oscillation. Congruent

LiNbO 3 has performed well at high temperatures with good damage resistant properties.

There is reason to expect that this material will also perform well for a 2-p m OPO pumped

at 532 nm. We are investigating the use of other nonlinear optical material to achieve

stable, high-power second harmonic generation. In preliminary results, 1 watt CW power

at 532 nm has been achieved using barium metaborate. Other materials including KTP,

LiIO 3, LiB 30 5, and KNbO3 are also being considered for harmonic generation. We are
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also continuing to work with MgO:LiNbO3 searching for conditions in which the long

term damage can be avoided.

Another problem is related to heating in the nonlinear material. There is some optical

absorption in any material. The 0.37% internal loss per round trip transit that we observed

in the CW DRO is caused by scattering and absorption in the bulk material and on the

surfaces. The portion that is due to absorption will cause heating of the crystal and

instability in the operation of a monolithic DRO. The observation that stable operation

could be achieved for a minute at a time with no feedback control indicated that this

problem is manageable in MgO:LiNbO.. However, the difference in tuning from two

directions indicates the presence of an absorption problem. Tuning from one direction

seems to be self stabilizing. As the resonance is approached, the oscillation builds up

causing heating in the crystal having the effect of preventing the resonance from being

approached more closely. Tuning from the other direction, however, the heating quickly

draws the oscillation into and through the resonance. We have assembled a laser

calorimeter capable of measuring small levels of absorption. We plan to evaluate nonlinear

materials for bulk and surface absorption.

III. Summary

The demonstration of a 2-gm OPO with stable, single-frequency, CW output

suitable for use in injection seeding pulsed Holmium or Thulium lasers or injection locking

CW lasers continues to be an active research project. We have made a number of

advances toward this goal, and have shown that this technique remains viable. In the

course of this investigation, more general use of optical parametric oscillation as a precise

and versatile technique for optical frequency synthesis have become apparent.
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It was show that both pulsed and CW DROs routinely produce single axial mode

signal and single axial mode idler radiation. The additional constraint of the double

resonance condition provides the frequency selectivity that makes this possible, but also

results in a complex tuning behavior. We have extended DRO tuning and control theory to

more fully describe the tuning behavior. This theory extension was based on the

experimental observations made with the monolithic DROs operating near degeneracy.

The tuning of the DRO is complicated enough that this theoretical description should be

useful in attaining stable, single-frequency, continuously tuned, and incrementally tuned

operation of the DRO.

Measurements of the coherence properties of the DRO demonstrate the ability to

reproduce the frequency stability of the pump radiation in the output of the DRO. The

diode-laser-pumped solid-state lasers used to generate pump radiation are inherently stable

source which produce frequency stability in the 10 kHz range over fractional-second

periods and a few MHz long term stability. Sub-hertz relative stability has be achieved by

locking to reference cavities, and absolute frequency stability of a few hundred hertz by

locking to molecular absorptions now appears possible. The doubly resonant optical

parametric oscillator has the potential to convert the frequency stability to arbitrary

frequencies extending over broad tuning ranges. This optical frequency synthesis

capability will be a valuable tool in spectroscopy, remote sensing, metrology,

communications, and optical signal processing.
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Efficient, single-axial-mode operation of a monolithic
MgO:LiNbO 3 optical parametric oscillator
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A monolithic doubly resonant optical parametric oscillator (OPO) fabricated from MgO:LiNbO3 was pumped by a
cw, frequency-doubled, diode-laser-pumped Nd:YAG laser. The threshold for cw operation was 12 mW, and pump
depletions of up to 78% were observed two times above threshold. The total OPO output power was 8.15 mW, with a
conversion efficiency for the incident pump of 34% and combined conversion efficiency for the 1064-nm laser light of
14%. The OPO was temperature tuned from 1007 to 1129 nm, operated on a single-axial-mode pair over most of the
range, and could be electric field tuned by as much as 38 nm near degeneracy.

Optical parametric oscillators' (OPO's) are currently with a low threshold that runs in a single-mode pair as
enjoying a revival of interest. New materials and im- discussed below.
proved pump sources are enabling OPO's to live up to Previously we demonstrated a pulsed doubly reso-
their decades-old promise of providing efficient, nar- nant OPO (DRO) of monolithic design fabricated from
row-band, widely tunable sources of light. In the cw 5% magnesium-oxide-doped LiNbO3 (MgO:
long-pulse regime OPO's have been demonstrated in LiNbO3). 13 MgO:LiNbOa was chosen because of its
lithium niobate (LiNbO3) as narrow-linewidth sources low loss at 1064 nm, noncritical phase matching, and
using the singly resonant configuration 2 and in reduced photorefractive effect. The 400-nsec pulse
LiNbO3 waveguide devices with low thresholds.3 A lengths of the pump light were too short for the DRO
single-mode injection-seeded pump source was used in to reach steady-state operation. In spite of excellent
a demonstration of a pulsed narrow-bandwidth pump depletion, energy conversion efficiencies were
LiNbO3 OPO for high-resolution spectral measure- relatively low owing to the long buildup time that
ments near 3.4 um. 4 Barium metaborate (BaB20 4) extended across much of the pump pulse. The pulsed
has been used in OPO's with an injection-seeded laser DRO appeared to run in a single-mode pair over much
pump source for improved linewidth and stability5  of its range but would drift from mode to mode as the
and to extend pulsed OPO operation to ultraviolet pump power and crystal temperature fluctuated.
wavelengths. 6 Improved infrared nonlinear materials To achieve cw operation we fabricated a monolithic
such as silver gallium selenide (AgGaSe2) have been OPO resonator of MgO:LiNbO3 with reduced output
used for broadly tunable mid-infrared OPO's. 7  coupling, and thus lowered the threshold. Twospher-
OPO's are also widely used in studies on squeezed ical surfaces of 10-mm radius of curvature were pol-
states of light. - 0 We report here on the stable cw ished on the ends of the 12.5-mm-long crystal along
single-mode operation of a doubly resonant OPO with a total-internal-reflection face perpendicular to
pumped by a frequency-doubled, diode-laser-pumped the z axis to provide a ring resonant path. Metal
Nd:YAG laser. electrodes were deposited on the two surfaces perpen-

Early efforts at running doubly resonant OPO's dicular to the y axis to allow electric-field tuning. The
were plagued by instabilities. As the doubly resonant ring geometry was used to obtain maximum conver-
OPO is overconstrained by the requirements of energy sion and to avoid feedback problems.14 Dielectric
conservation, phase matching, and simultaneous reso- mirrors were deposited directly onto the ends of the
nance of signal and idler waves," ,12 perturbations on crystal, with the specification that the output coupler
the pump frequency or OPO cavity length can cause be 0.5% transmitting and the other end be highly re-
large power fluctuations and mode hopping of the flecting at 1064 am and highly transmitting at 532 nm.
OPO. However, because OPO's are of great potential The double-resonance condition for the signal and
importance as spectroscopic sources, as sources for idler was satisfied by operating near degeneracy. The
injection seeding or locking, and for quantum optics, pump light was not resonated in this DRO.
we have worked to overcome the problems of doubly The finesse of the DRO resonator was measured
resonant OPO's by using frequency-stable, single- using the 1064-nm Nd:YAG laser. An electric field
mode, diode-laser-pumped solid-state lasers. The was applied across the crystal y axis, and the r22 elec-
high efficiency, compactness, and exceptional fre- tro-optic and d2l piezoelectric coefficients were used
quency stability of these laser pumps have led to excel- to scan the optical cavity length. The finesse at 1064
lent stability and efficiency for OPO operation. The nm was measured to be 960, with a voltage of 1506 V
monolithic cavity design of the OPO also contributes required to scan the 5.1-GHz free spectral range. This
to the device performance, making possible an OPO finesse implies a cold cavity loss of 0.58%. The crystal
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80 U single-axial-mode power after two nonlinear process-
0o es, and a 1.6% conversion efficiency of the 500-mW

< vdiode laser used to pump the Nd:YAG laser. At an
Z 60 estimated 75% pump depletion, the conversion effi-
, 0 ciency implies an output-coupler efficiency of 50%,
CL 4 which is somewhat higher than expected from the loss

u, as deduced from the finesse measurement and the
0 presumed bulk crystal losses. The stability of thea.

2 20 OPO output power and servo locking was limited by
0. that of the frequency-doubling system to operation of

.0 only a few minutes at a time.
1.0 12 1.4 1.6 1.8 2.0 The single-mode condition could be confirmed at a

Ppump/Pthreshold fixed voltage using a scanning confocal interferometer
with a 300-MHz free spectral range. Figure 2 shows

Fig. 1. Pump depletion of the cw DRO versus the number an interferometer scan of slightly more than one inter-
of times above threshold (pump power divided by threshold ferometer free spectral range. The stability of the
power). transmission peaks suggested that the DRO frequency

was stable to within a few megahertz (the resolution of

bulk losses are expected to be of the order of 0.4%. 15  the instrument) and potentially was much more sta-
The high-reflector (pump) end of the crystal had a ble. With the DRO servo locked to a particular axial-
transmittance at 532 nm of 87%. mode pair, the DRO signal frequency could track laser

The DRO was pumped with the resonantly en- frequency tuning as much as 90 MHz without a mode
hanced second harmonic of the cw diode-laser- hop. This tuning bandwidth was observed for a signal
pumped Nd:YAG laser.'5 The second-harmonic pow- wavelength of 1043 nm and an idler wavelength of
er was approximately 24 mW in a single mode for 57
mW of 1064-nm light incident upon the crystal.
Pump light at 532 nm was mode matched into the X300 MHz
DRO with a single lens.

For total cavity losses of 0.58%, the calculated
threshold"1' 6 of the DRO is 3.2 mW of incident pump 0
power at 532 nm, assuming perfect spatial mode cou- 0
pling of the pump into the OPO resonator. The
threshold was measured experimentally to be 12 mW. FREQUENCY
The discrepancy can be accounted for by noting the
extreme sensitivity of the DRO threshold to cavity Fig. 2. Scanning interferometer trace of the DRO output
losses and to mode matching. light. The higher peaks are signal, the lower peaks are idler.

Pump depletion of the 532-nm pump radiation ver- The difference is attributed to the wavelength dependence
sus the number of times above threshold is shown in of detector sensitivity.
Fig. 1. These data were taken by scanning the crystal
voltage with the DRO oscillating at a signal wave- 1140
length of 1035 nm and idler of 1096 nm and observing
the point of maximum pump depletion. At two times 1120
above threshold the pump depletion was 78%. The
DRO resonator is tightly focused (wo = 27 um), thus S 1100
limiting the applicability of existing theories for pump
depletion of Gaussian-intensity pump radiation. Ioo
However, the pump-depletion data are in good agree- " r"
ment with the plane-wave, transient-regime theory of $ weft-BjorkholM.14 U

With no active feedback control, the DRO would 1040
run cw and almost always in a single-mode pair at a
fixed temperature and voltage. In this context single 1020
mode refers to operation with a single signal and a
single idler axial mode, or two unique frequencies. A 1000__-----------------
dither-and-lock servo was used on the crystal voltage 106 107 108 109 110 111
to lock the OPO to its maximum power point. For the CRYSTAL TEMPERATURE (OC)
DRO running at a 1043-nm signal and a 1086-nm idler,
a total output power of 8.15 mW of signal and idler Fie.3. Temperaturs tuninroftheDROshowingegnalandpowr ws osered or pprximtel 24mW f ici- idler wavelengths. The b~ars represent the extent over
power was obperved for approximately 24 mW of inci which the DRO could be tuned at . fixed temperature by the
dent 532-tm pump light. The conversion efficiency is applied electric field (V... - 1100 V). The solid curve
34% for the incident pump and 39% for the transmit- shows the gain center as determined by the temperature-
ted pump. With 57.4 mW of 1064-nm light incident tuned phase-matching condition, and the dashed curves are
upon the doubling crystal, this represents a 14.2% con- drawn at plus and minus one cluster spacing away from the
version efficiency of the Nd:YAG laser light to tunable gain center.
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1060. a frequency-doubled, diode-laser-pumped Nd:YAGlO6 ............9 *.. laser. The device was tuned from 1007 to 1129 nmi

1050 -c and exhibited a 34% conversion efficiency from 532-
0 .... . nm pump light to signal and idler power. Pump de-

pletions of 78% were observed. Detailed studies and
1040 modeling of the microscopic tuning behavior and OPO

"- 'C linewidths are being carried out. The possibility of
,, 1030 DRO's with a signal-to-idler frequency ratio of 3:1 and
< cw singly resonant OPO's and the use of this class of
S09 .............. - ---------------- OPO for production of sub-shot-noise correlation light

. 1020 "".-. -.-..... . ................... beams are being explored.
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We describe a doubly resonant optical parametric oscillator (DRO) pumped with the second harmonic of a narrow-
linewidth Nd:YAG laser. The linewidth of the DRO signal was less than 13 kHz, the DRO was shown to generate a
phase-locked subharmonic of the pump at degeneracy, and the signal and the idler were shown to be mutually
coherent with the pump and to be phase anticorrelated with each other away from degeneracy. The signal-idler
heterodyne linewidth was .500 Hz, and pump phase modulation was shown to transfer to the DRO phase at
degeneracy.

1. INTRODUCTION AND REVIEW tions of as much as 78% were observed at 2 times above

Doubly resonant optical parametric oscillators (DRO's) are threshold. The total DRO output power was 8.15 mW, with

the only type of optical parametric oscillator to be routinely a conversion efficiency for the incident pump of 34% and a

operated above threshold cw and thus have the greatest combined conversion efficiency for the 1064-nm laser light

potential for narrow-linewidth coherent operation. Coher- of 14%. The DRO was temperature tuned from 1007 to 1129

ence studies of DRO's have been limited historically by the nm, operated on a single-axial-mode pair over most of the

DRO's extreme sensitivir- to cavity stability and pump fluc- range, and could be electric-field tuned by as much as 38 nm

tuations since they are overconstrained by the requirements near degeneracy.

of energy conservation, phase matching, and simultaneous In this paper we describe the coherence properties of the

resonance of signal and idler waves.-' In pioneering re- DRO. including its narrow linewidth and exceptional stabil-

search. Smith' reviewed DRO operation and tuning theory ity. The high performance of the device permitted the dem-

and pumped a Ba NaNbO DRO with a frequency-stabilized onstration of pump-DRO phase locking at degeneracy,

argon-ion laser to achieve single-mode operation for a few pump-DRO phase correlations, signal-idler heterodyne
seconds at a time. More recently workers studying measurements, and pump-DRO phase transmodulation,
sqeondsate hae orted r n w rkeso which have not to our knowledge previously been observed.squeezed states have operated DRO's' and triply resonant

optical parametric oscillators " (OPO's) above threshold
but have not reported on the linewidths or other coherence
properties. Triply resonant OPO's are even more highly 2. PUMP SYSTEMS
constrained above threshold than are DRO's. Advances The DRO was previously pumped with the resonantly dou-
have also been made in the field of singly resonant OPO's. 9 bled output of a diode-laser-pumped, single-frequency, cw
but here linewidths have been limited to greater than 30 Nd:YAG laser. Because of problems with residual photore-
MHz iRef. 10t by the need for pulsed laser pump sources. fractive damage in the MgO:LiNbO.3 doubler and the need

The basic operations of our monolithic doubly resonant for greater power at the second-harmonic (532-nm) wave-
OPO has been described in Refs. II and 12. To summarize, length, we developed a multiwatt injection-locked Nd:YAG
we reported on a DRO fabricated from MgO:LiNbOl laser system capable of producing as much as 13 W of cw
pumped by a cw, frequency-doubled, diode-laser-pumped power at 1064 nm with an estimated linewidth of 5-10 kHz. 4

Nd:YAG laser.! MgO:LiNbO, was chosen for its low loss, Single-pass frequency doubling in a 2-cm piece of
high nonlinearity, and noncritical phase matching. The MgO:LiNbO3 produced more than 120 mW of power at 532
monolithic crystal resonator design is shown in Fig. 1. Di- nm for 10-W input at 1064 nm. As will be seen below, it is
electric mirrors were deposited directly upon the spherically highly advantagous to use the second harmonic of a master
curved surfaces of the resonator, and a traveling-wave ring laser as an OPO pump. The second-harmonic pump source
path was formed for the ordinary polarized signal and idler is derived from the 1064-nm fundamental, which provides a
waves by the use of the total-internal-reflection surface. local-oscillator frequency and phase reference that can be
Pump light, which was polarized extraordinarily, was not used in coherence measurements of degenerate and near-
resonant for the ring path because of bireflection at the degenerate operation of the DRO.
crystal surfaces. The length of the crystal was 12.5 mm, and
the radii of the mirrors were 10 mm. providing a 27-m focus
inside the crystal at 1064 nm and a resonator free spectral 3. DRO SIGNAL LINEWIDTH

range of 5.088 GHz. The crystal was heated in an oven to Earlier'! we estimated an upper bound of the DRO linewidth
107IC or greater to phase match the parametric interaction to be a few megahertz, based on scanning Fabry-Perot inter-
noncritically. ferometer measurements. To determine the linewidth rig-

Threshold for cw operation was 12 mW, and pump deple- orously we performed a heterodyne beat-note measurement,

0740.3224/90/050815-0602.0o C 1990 Optical Society of America
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total phase locked to the pump with either 0 or 7 relative phase.--
internal
rfltioa This has been elegantly demonstrated in degenerate

_ ..-................. __ ..... _......... _ isqueezed-state experiments below threshold, To test the
... ...... ........... theory above threshold we ran the DRO at degeneracy and

combined the DRO output beam with a 1064-nm reference
Ppump phasemalciad ou beam from the Nd:YAG laser. This reference beam is phase

correlated with the second harmonic used to pump the DRO.
MgOLiNbO m2  One of the combined beams was imaged onto a screen andg 2observed with the charge-coupled-device camera. The oth-Fig. 1. Monolithic DRO crystal cavity design. Dielectric mirrors er beam was sent through a scanning Fabrv-Perot interfer-

that are highly reflective for the signal and the idler and transmit
the pump are deposited directly upon the curved ends of the ometer to monitor the axial mode structure of the DRO at
MgO:LiNbO, resonator. mi, highly reflecting a '064 nm, T - 85% degeneracy. The beam incident upon the Fabry-Perot in.
at 532 nm. m2. T = 0.5% at 1064 nm. terferometer was blocked during data taking to prevent po-

tential feedback effects. Great care was taken to ensure
using an independent Nd:GGG single-frequency nonplanar that there was no injection locking of the degenerate OPO by
ring laser.5 The Nd:GGG laser oscillator has a wavelength stray light from the Nd:YAG laser by using a prism to sepa-
of 1062.2 nm instead of the Nd:YAG wavelength of 1064.2 rate the 1064-nm laser light from the green 532-nm pump
nm, and this enabled us to perform the beat-note measure- beam. The pump light was passed through a highly reflect-
ment well away from degeneracy (by - 531 GHz, or 104 DRO ing mirror for the infrared (T 0.05% at 1064 nm) and then
free spectral ranges). The free-running linewidth of this through an aperture.
type of monolithic ring laser has been measured by a number Figure 4 shows the stable fringes obtained by interfering
of workers' 6- 18 to be of the order of 5-10 kHz for short-term the degenerate DRO with the Nd:YAG laser. The DRO
jitter.

The experimental layout is shown in Fig. 2. The injec-
tion-locked Nd:YAG pump laser was frequency doubled, NO-YAG pr,sm
and the fundamental and the second harmonic were separat - laser
ed with a Pellin-Broca prism. The second-harmonic power X - 1064 2 nm : - 532 r
was mode matched into the monolithic DRO cavity, and the
output power (signal and idler) was combined with the laser
Nd:GGG oscillator output on a beam splitter. One beam 10622nrn
was then detected with a fast photodiode and analyzed with
a Hewlett-Packard 8566B 22-GHz rf spectrum analyzer. voltage adj

The other beam was sent through an f = 1 m spectrometer BS
with a charge-coupled-device camera focused on its image to DRO -4"
plane to monitor the coincidence of the DRO signal wave- sto____meter
length with the Nd:GGG laser line. The DRO was tuned
with temperature to near degeneracy, and then the voltage
was adjusted to fine-tune the signal frequency until a beat _ Soect,4-
note was observed. The idler frequency was too far away A -alyzer
11 THz) to play a role in the heterodyne measurement. The Fig. 2. Experimental layout showing the DRO pumped by the
DRO was free running and was not servo locked for this frequency-doubled injection-locked Nd:YAG laser for heterodyning
measurement. with the Nd:GGG laser. SHG. second-harmonic generator; BS.

A typical rf beat-note spectrum is shown in Fig. 3. The 3- beam splitter.
dB full linewidth of the beat note was 13 kHz, limited by
beat-note carrier jitter. The sidebands at 230 and 530 kHz
are due to relaxation oscillation (amplitude) noise on the
Nd:GGG and Nd:YAG laser systems, respectively. As both - Center Freq. . 454.31 MHz ' " -

the doubled Nd:YAG laser pumping the DRO and the Span-2.0 MHz __7- Res BW-.1kHz
Nd:GGG laser have iinewidths of the order of 5-10 kHz, we r sweep o 60 msec
see that the operation of the DRO reproduces the linewidth _ 10 dB' dIv (RF)

of the pump laser system. This assertion is supported by
the OPO self-beat-note experiment described in Section 5. I -

We emphasize that this measurement, using two indepen- s- . ------- - "
dent oscillators, yields the true linewidth, i.e., the convolu-
tion of both oscillators' linewidths, and has no implicit com-
mon-mode rejection as is present in many measurements of
laser oscillator relative linewidths.

4. DEGENERATE OPERATION: PUMP-DRO -
PHASE LOCKING __L_--A

It was previously predicted"- 2' that the phase of an OPO Fig. 3. Heterodyne rf beat-note spectrum of the independent DRO
signal and Nd:GGG laser oscillators. The 3-dB full width of theoperating with degenerate signal and idler waves would be central peak is 13 kHz.
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the idler fields, respectively, WL is the Nd:YAG laser fre-
quency (equal to the degenerate DRO frequency), A is the
DRO frequency displacement from degeneracy, and 0(t) is
the relative DRO phase. We have assumed that the DRO isFplings (and thus the powers) of the signal and the idler are
equal. We also introduce a local oscillator derived from the
laser:

EL - EL exp[i(wLt + 0)], (3)

where the phase 0 can be adjusted experimentally. If we
Fig. 4. Stable fringe pattern produced by interfering the degener- heterodyne the signal and the idler waves with the laser local
ate DRO beam with a reference beam from the Nd:YAG laser. oscillator, the voltage seen on the photodetector will be

would run at degeneracy for as long as 20 min at a time with V - E' 0 cos[2At + 200) + 2ELEDRO cos()cos[At + 0(td.

no servo control and no applied tuning voltage. (41

When the pump was interrupted, the overall phase of the The first term at frequency 2A represents the mixing of the
fringe pattern was observed to jump phase randomly by 0 or signal and the idler, and the second term at frequency A the
x-. This is a good indication that no injection locking of the mixing of the signal and the idler each with the laser local
DRO from the laser was taking place. An attempt was made oscillator. Relation (4) predicts that the beat-note ampli-
to observe the tunneling of the OPO phase between the 0 and tude of the signal at frequency A will depend on the phase of
r states,2 3 which was unsuccessful owing to excess DRO the local oscillator and vanish for 0 , r,2, 3r'/2, etc. If the
relative amplitude noise during near-threshold operation. phases of the signal and the idler were not exactly anticorre-
Both standing-wave and ring path DRO configurations were lated with respect to the pump, the A beat note would not
tested. Operation with the standing-wave geometry was vanish. Additionally, relation (4) predicts that the
less stable in frequency and amplitude than for the ring linewidth of the beat note at 2A is four times as broad as that
path, and the DRO was more susceptible to feedback effects. at A, assuming white frequency noiseA6 and twice as broad

The stable fringes show that the degenerate DRO is a true assuming a 1/f frequency noise spectral density, as is typical
phase-locked subharmonic of the pump. We investigated in most free-running laser systems.
the high-frequency phase fidelity by performing a hetero- In our experiments the DRO was operated one axial mode
dyne rf beat-note experiment with the reference laser beam away from degeneracy so that A 5.088 GHz. The output
frequency shifted by 45 MHz, using an acousto-optic modu- of the DRO was mixed at a beam splitter with a local oscilla-
lator driven by a rf synthesizer. Figure 5 shows the rf beat- tor from the laser and then sent down a single-mode fiber to
note spectrum. The asymmetry of the phase noise is due to a Hewlett-Packard Model 71400A Lightwave Optical spec-
amplitude noise on the DRO signal. Most of the noise in the trum analyzer. Figure 6 shows the signal-idler beat-note
subkilohertz band can be attributed to mechanical vibration spectrum at 2A - 10.17 GHz, taken with the local oscillator
of the mirrors in the interferometer, which limits the low- blocked. The vertical scale is 5 dB/division for optical pow-
frequency sensitivity of the measurement.14 For reference. er, which is the equivalent of 10 dB/division of rf power.
the phase-noise spectral density S.(f) at 5 kHz was deter- The full width at half-maximum (3-dB rf) of the central
mined from the plot to be 2 x 10- 9 rad2/Hz. peak is f500 Hz, with a resolution bandwidth of 300 Hz and

5. NONDEGENERATE OPERATION: PUMP-
DRO PHASE CORRELATIONS AND SIGNAL-
IDLER HETERODYNE LINEWIDTH - Center Freq. .45 MHz

Span . 10 kHz
Away from degeneracy the DRO signal and idler phases are _ Res BW - 30 Hz

Sweep - 33 scno longer locked to the pump but diffuse randomly in such a 10 dB / dv (RF)
way that the sum of their phases is either 0 or 7.

24 (For -

simplicity we will assume that the overall phase is 0, with no
loss of generality.) Diffusion of the relative phase is analo-
gous to the phase diffusion seen in lasers that is responsible
for the Schawlow-Townes linewidth. The phase sum was
recently analyzed, using a quantum-mechanical Hamilto-
nian. and is a candidate squeezed-state observable. 25 We • ,
can write the relevant DRO electric fields asI

EPUmP - Epurpexp(2iwLt), (1)

EDRO - EORO(exlif(WL + A)t + (t)Jl

+ ezpii[(WL - A)t - O(t)II), (2) Fig.5. Rfbeat-notespectrumofthedegenerateDROheterodyned
with a reference beam from the laser, which has been shifted 45

where the first and second terms in Eq. (2) are the signal and MHz with an acousto-optic modulator.
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I I phase modulated the pump and measured the effects on the
Center Freq- 10. 177038 GHz DRO output frequency spectrum.
Span . 50 kHz I We assume that, like that of the pump, the DRO output is
Res BW 300 Hz - purely phase modulated and write the electric fields assweep - 1.667 sac[
5d B /div (optica)i
5 d iv (Optical), E;ump Epump expli[2WLt + 8 sin(wm.,dt)l (5)

__and

EDRO EDRO expli[Lt + 6 sinlw(m,dt + f1)]. (6)

For small modulation depth, zero cavity detuning, and
pump decay rate much greater than the DRO cavity decay
rate we can use the degenerate OPO equations of motion2  to

A Asolve for 6 and f to get

,,6 = 1 + ('m,,d/Wd) 2  (7)

Fig. 6. Beat-note spectrum of the DRO signal with idler frequen-
cies displaced one axial mode from degeneracy. The central peak t -mod (,S
has a width of 500 Hz, and there is a 1-Hz trace-to-trace jitter in its tan(k) - - r (81
position. Wc

where w, is the DRO cavity power bandwidth and r is the
a trace-to-trace jitter of :1 kHz for 1.67-sec sweeps. The number of times above threshold for the DRO.
jitter is approximately 1 part in IOT of the beat note and We detect the phase modulation by mixing the DRO with
corresponds to fluctuations in the optical path length of a frequency-shifted laser local oscillator
6(nL) z 0. nm.

This observation substantiates the claim made in Section EL° ELO expi(WL +
3 that the off-degeneracy DRO does not add significant
excess linewidth when pumped by a 5-10-kHz-linewidth to generate the rf voltage measured on a photodiode given by
.aser. The as.-mmetry in the spectrum is again caused by V - cos[wrft + 6 sin(w.m,,t + f)]. (10)
amplitude noise, and the artifact at the left is possibly due to
a small transverse mode effect. The beat-note linewidth of We used a MgO:LiNbO3 electro-optic phase modulator
the signal at 5.088 GHz (not shown) is also -500 Hz, with a (heated to 130*C to avoid photorefraction with V,,, - 609 V
jitter similar to the 10.17-GHz note. and since this width is so to modulate the 532-nm DRO pump at frequencies from 1
close to the resolution bandwidth of the spectrum analyzer kHz to 20 MHz. The driving voltage on the electro-optic
the relative linewidth prediction is problematic. modulator was 20 V peak to peak, which corresponds to a

To confirm that the DRO signal and the idler were phase modulation. inde,' or. the pump nf 2 - 0.103 rad.
anticorrelated we varied the phase of the laser local oscilla- For small modulation index and low modulation frequen-
tor. using a LiNbO: electro-optic phase modulator with V., cy the detected rf power in the sidebands at ",f * m d will
= 624 V. A I-kV/50-msec ramp voltage was applied to the decrease by J(6)2 - $2/16 relative to the carrier at w, or 4
phase modulator, and the spectrum analyzer was triggered times less (-6 dBc) than the modulation on the pump. For
at the start of the ramp and also swept at 50 msec. The 8 = 0.103 rad the level is calculated to be -31.8 dBc, which is
spectrum analyzer center frequency was 5.088 GHz, and the
span was 0 Hz, with a large enough resolution bandwidth
1100 kHzi to pass most of the rf power. The horizontal axis 3.0
of the spectrum analyzer trace is thus proportional to the
local-oscillator phase, and with the vertical axis on a linear
scale displaying rms volts we expect to see a wave propor- 0
tional to icos(i)i. the rectification due to the spectrum an-
alyzer's power detector law. Figure 7 shows the experimen- .

tal trace with the independently determined calibration of 1 8 \.8/

the phase axis. The waveform is precisely as predicted, ",
which verifies that the DRO signal and the idler phase are ro \ ,
collectively coherent with the pump phases and anticorrelat- E I'

ed with each other away from degeneracy. > 0.9 • __,__, _

E 4

6. PUMP-DRO PHASE TRANSMODULATION -

There are a number of predictions of how an OPO should 0 . ''
tune with a chirped or frequency-modulated pump-2- ,VI Phase of Local Oscillator, 0
The OPO is interesting in this respect, as the tuning rate Fig. 7. Amplitude of local oecillator-DRO beat note at 5.088 GHz
near degeneracy can be much larger than the pump tuning versus local-oscillator phase. The rectified cosine waveform is as
rate. We were unable to tune our pump rapidly but instead expected from relation (4).
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in excellent agreement with the experimental result of -31.1 the DRO is a direct example of the Einstein-Podolsky-
dBc for low modulation frequencies. At higher frequencies Rosen paradox. 2-30
the transmodulation is limited by the bandwidth of the DRO The phase locking of the DRO at degeneracy is a demon-
cavity and has the frequency response stration of a coherent 2:1 optical frequency divider. This

result is significant for metrology and spectroscopy, for
6r 1 which frequency chains are needed across a variety of spec-
161 r I tral bands. ," The proposed 3:1 DRO can also act as a 1.33:1

and 4:1 frequency divider for the pump frequency. The
with a -3-dB rolloff observed at frequency wmd/2r 8 difficulty lies in detecting the point of exact 3:1 signal:idler
MHz. We estimate that r - 1.5 for this experiment and operation, which is not a problem at degeneracy. We pro-
obtain a measure of the total DRO cavity losses of 0.8%, in pose several possible solutions. If the DRO pump is the
rough agreement with our earlier results.' 2  second harmonic of some master laser, the laser (possibly

The MgO:LiNbO3 phase modulator had residual ampli- offset by some rf) and the idler could be summed to yield a
tude and polarization modulation, which caused amplitude color near the signal. The sum frequency output will be
modulation on the DRO with modulation index 0.012 and coherent with the DRO signal wave only when the signal and
contributed to the 1-3-dB imbalance seen on the DRO phase idler frequencies are exactly in the ratio 3:1. The sum of the
sidebands. The DRO amplitude modulation alone is not laser and the idler could also be optically fed back to injec-
enough to account for the imbalance, and the remainder may tion lock the signal phase, or the laser could be deeply phase
be due to cavity-detuning effects or to drift in the number of modulated (modulation index f r) and mixed with both the
times above threshold of the DRO. signal and the idler. This would alternately sum the laser

Away from degeneracy the signal and idler phases are with the idler frequency to get signal and subtract the laser
anticorrelated with respect to the pump, and no transmodu- from the signal frequency to get idler as the laser phase is
lation of the signal-idler is predicted. Rf sidebands are varied, and it would produce an AM output only when the
observed on the 10.17-GHz signal-idler beat note at -40 exact 3:1 condition were met. The phases of the signal and
dBc, but they can be accounted for by the DRO amplitude sum waves will not in general be coherent, as the OPO phase
modulation alone and are not the result of phase modula- o(t) is not canceled out, and some type of active phase-locic-
tion. loop servo will be required to implement these schemes.

The good agreement between theory and experiment for If no master laser at half the pump frequency were avail-
the transfer of phase modulation from the pump to the DRO able, the idler could be frequency tripled and compared withsignal suggests that the theoretical model should also be the signal, which is the technique required to lock an OPO to
valid for the more interesting case of a frequency-modulated the 2:1 operating point, where the idler can be frequency
or chirped pump. doubled and compared with the signal. The 2:1 OPO will

act as a 1.5:1 and 3:1 frequency divider for the pump fre-
7. DISCUSSION AND CONCLUSIONS quency but would, however, be difficult to fabricate as a

doubly resonant OPO by using conventional quarter-wave-
We have demonstrated a cw monolithic doubly resonant stack dielectric mirrors. Higher-order phase-locked fre-
optical parametric oscillator with exceptionally high coher- quency dividers (5:1, 6:1, .. . ) will be progressively harder to
ence. The linewidth was shown to be limited to that of the realize in practice as the summing or doubling steps become
laser pumping it and was less than 13 kHz. The DRO more numerous, and conventional frequency multiplying
operated reliably at degeneracy without any form of injec- from below becomes more practical than parametrically di-
tion locking and was a phase locked subharmonic of the viding down from above.
pump. Away from degeneracy, the signal and the idler were What we have again learned experimentally is that mono-
heterodyned, and a linewidth of 500 Hz was measured for lithic resonator designs and excellent pump mode quality
short-time stability. The signal and the idler were also (spatial, temporal, and linewidth) are highly desirable for
shown to be phase anticorrelated with respect to the pump high-performance laser and nonlinear-optical devices. We
away from degeneracy. Pump phase modulation was shown fully expect that with improved frequency- and amplitude-
to transfer to the DRO at degeneracy with good agreement stabilized pump sources the DRO performance will continue
with theory, which may have applications for FM spectros- to improve.
copy.
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Optical parametric oscillator frequency tuning and control

Robert C. Eckardt, C. D. Nabors*, William J. Kozlovsky t and Robert L. Byer
Edward L. Ginzton Laboratory, Stanford University, Stanford, CA 94305-4085

abstract

The fbequency tWring and control propertes of monolithic doubly resonant optical parametric oscillators are analyzed for stable single-
mode pump radiation. Single-axial-mode operation is observed on idler and signal for both pulsed and continuous pumping.
Projecions mwe made for tuning parameter tolerances required to mantain stable single hequency oscillation. Continuous frequency
tuning is possible by the simultaneous adjustment of two or three parameters thus allowing synthesis of specific frequencies within
the broad tuning range of the doubly resonant optical parametric oscillator.

I. Introduction operated stably and tuned continuously thus widening their
range of applications.

An analysis of the frequency tuning properties of doubly
resonant optical parametric oscillators (DROs) based on both DROs have the capability to provide highly coherent
experimental observations and theoretical modeling is output reproducing the statistical properties of the pump with
presented. Specific details in this presentation of frequency very little additional noise. This has been shown
control and synthesis apply to monolithic DROs constructed theoretically by Graham and Haken (91 in a quantum
from LiNbO3. Where possible, however, results are given mechanical analysis of the DRO, and it has been
with more general applicability. The purpose is to gain a demonstrated in experimental measurements of the coherence
quantitative understanding of the conditions required for properties of the DRO. The quantum mechanical analysis
stable single-axial-mode parametric oscillation and the showed that the diffusion of the sum of the signal and idler
resulting frequency stability of the DRO output. Approaches wave phases follow the phase diffusion of the pump wave
to frequency synthesis and continuous frequency tuning adiabatically. Although the phase difference of the signal
based upon the simultaneous adjustment of two or three and idler may diffuse in an undamped manner, the statistical
tuning variables are described. properties of a DRO are basically the same as those of an

ideal laser. A result of these properties is the addition of
The potential of optical parametric oscillators (OPOs) for only a small amount of phase noise in the output of the DRO

the generation of tunable coherent radiation was recognized above that present in the pump. This has been confirmed in
more than twenty-five years ago.[lJ The complex tuning coherence measurements of the output of a cw DRO.[10]
properties of the DRO were also realized in early For periods of approximately one minute, the free-running
demonstrations and analyses.[2,3,4] Optical parametric DRO which was not servo-locked would oscillate on a single
oscillation has been discussed in detail in a number of mode pair without a mode hop. That the DRO did not add
reviews,[5,6,7] and it is a subject treated in more general significant excess linewidth over that present on the pump
terms in a number of books that discuss nonlinear optics.[81 was demonstrated with the measurement of beating between
Improvements in the quality of nonlinear optical materials the DRO output and an independent diode-laser-pumped
and the coherence of pump sources have lead to a number of solid-state laser during the periods between mode hops. The
advances in the performance of OPOs. Using recent beatnote linewidth was 13 kHz, which was the expected
experimental results obtained with stable single-mode pump value for the typically 10-kHz linewidths of the pump laser
sources and monolithic DROs constructed from high-quality and independent reference laser. Additional coherence
LiNbO3 nonlinear optical material, we are able to apply and measurements showed that the signal and idler were phase-
extend the earlier analyses. anticorrelated when referenced to the pump laser. Also, the

width of the signal-idler beanote with the DRO near but not
Resonating both the signal and idler frequencies, double at degeneracy was less than I kHz. The signal-idler beatnote

resonance, offers an advantage of lower threshold for indicates the frequency fluctuations added to the DRO output
parametric oscillation than single resonance. Double in addition to those present on the pump.
resonance also provides additional frequency selectivity in
OPO operation. These desirable properties of double The results of the classical stationary analysis presented
resonance, however, come with a considerable increase in here are consistent with the earlier analyses and
the complexity of tuning and more restrictive tolerances on measurements. The main point of this presentation is to
pump stability and cavity stability. Diode pumped solid-state explain the complex tuning properties of the DRO to more
lasers provide the required pump frequency stability, and fully utilize its remarkable coherence and spectral properties.
monolithic cavities provide the required mechanical stability The theoretical presentation of section 11 begins in part A
in the OPO. Continuous tuning is difficult in DROs, which with a qualitative overview of DRO tuning. This overview is
typically tune in axial mode hops and cluster jumps over used to establish the exnsive terminology required for this
hundreds of axial modes. Nevertheless, with improved discussion. In part B of section II, the threshold condition
pump sources and nonlinear optical maerials coupled with for parametric oscillation is reviewed and recast in terms
multiple parameter control, DROs can in principle be more easily adopted to tuning calculations. The theoretical
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basis of frequency selection is discussed in pan C of section -- IL
1I. Experimental tuning data is presented in section I. The fpO).-----
degree to which our theoretical model describes the observed (a) i I-,
tuning allows some confidence in using it for predictive I(0) L . -'l(i)
calculations treated in section IV. Results are summarized
and discussed in sec"lan V. Finally, the properties of ( a), + o), IkI <.j. Alk - p- k,- k,
MgO:LiNbO3 required to model the experimental data are
reviewed in an appendix.

I1. Theory (b) p -
miror mirror

A. DRO tuing overview I 2

A nonlinear optical material pumped by intense optical
radiation at frequency oai can provide gain at two lower (C)
frequencies called signal and idler and related by the . I,
conservation of energy condition M M 2

0 M=W + (JI])

The parametric interaction is phase dependent, and proper (d)
phasing is required for energy to flow from the from the
pump field to the signal and idler fields. Phase velocity M I M 2
matching assures that the relative phases of the three waves
do not change with propagation through the nonlinear Fig. 1. (a) Schematic representation of optical parametric
material. Phase matching is described by the wavevector amplification. Optical parametric oscillators can be formed by the
mismatch, which for the case of collinear propagation can be addition of mrors separat from the nonlinear material as shown in (b).
expressed by the scalar relationship Monolithic oscillators (c).(d) with highly reflecting coatings applied

diractly to the nonlinear material have advantages of low loss and

Atstability im t in stable, ngle-frequency DRO operation. Ring: "kS i
:g 

(ip%" ~l " J /C.(2) osc llators (d) offer the advmags reduced feedback and improved

onvemn effimecy over stading wave oscilators.
where k_, ks , and ki are the respective wavevectors
magnitud es of the pump, signal and idler waves, with
corresponding indices of refraction given by , n and n
and where c is the velocity of light. Useful paametric gain Phase matching is the major factor in determining broad
exists in the range of signal and idler frequencies for which timing properties of an OPO although cavity resonances have
IAkI <_ zl where 1 is the length of the nonlin material. the major effect on details of frequency tuning. The

The parametric gain is maximum near Ak = 0. Phase conditions p - ws + ai and Ak = 0 define phase-matching
matching is often achieved by controlling the birefringence of curves. The most commonly shown OPO phase-matching
a nonlinear crystal through temperature or angle of curve is the parabola-like shape for type-I phase matching in
propagation, a birefringent crystal, for which the signal and idler waves

have the same polarization and the pump wave has the
An OPO requires feedback at either or both signal or orthogonal polarization. Figure 2a shows a near degeneracy

idler frequencies. If them is feedback at only one frequency, (o s - ai) section of the temperature tuning curve for a
the device is called a singly resonnt oscillator (SRO). LiNbO3 noncritically-phase-matched OPO. Propagation is
Doubly resonant oscillators (DRO.) have feedback at both along a crystal principal axis in noncritical phase matching
s.gnal and idler frequaicles. Feedbac ca be provided by which reduces dependence on propagation direction and
placing the nonlinear material in a cavity formed by two eUminsa bfringent walkoff.
external mirror, or in the case of monolithic OPOs, highly
reflecting coatings can be applied directly to the nonlinear The spectral width of the parametric gain is also
material. Ring cavity configurations offer advantages of determined by phase matching. A typical spectral
reduced feedbak to the pump souce and impoved OPO distribution for single pass gain at a fixed temperature is
conversion efficiency.[l 1] Figure I illustrates schematically shown in Fig. 2b. A DRO has the additional requirement of
several configurations for parametric oscillators. Both simultaneous signal and idler resocnce. Dispersion results
standing wave and ring cavity momlidic DROs were used in different cavity axial mode frequency spacings for the two
for the experimental observations described in tis paper. waves, ad the simultaneous resonmce condition thus
The tuning prc;aP wen quite similar, ad the sae model occurs only at intervals in frequency. The regions of
of tuning properties could be used for both because the simultam us resonawe called cluster frequencies, are
remn path length dlffred little ftn the pin path in the ring idicMed in Fig. 2c. Early DROs were observed to oscillate
resonators. on a poup or cluster of adjacent cavity axial modes. The
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wavelength of the cluster would at first shift continuously
_with tuning followed by a discontinuous jump to another

e I. -. __cluster of modes. The curves of Fig. 2 are intended to
illustrate some general properties of frequency tuning of
DROs. They were calculated for the 12.5-mm-long

/0 i monolithic MgO:LiNbO 3 oscillators pumped at 564 THz
m (532 rim) that are discussed in this paper.

A useful device for understanding the requirement of
, " simultaneous cavity resonances is a diagram used byz~o ..... Giordmane and Miller 12) in which the cavity resonances

, i , , : : = near the oscillating signal and idler frequencies awe plotted as
106 to, o 11 GI CLUSTERS a function of the respective frequencies as shown
TEPAU~RE (C) schematically in Fig. 3. The difference between signal and

(a) (b) (idler axial mode spacings, 8o, and 6o)- respectively, is
Fig. 2. (a) A typical OPO tuning curve near the degeneracy frequency exaggelated in this figure for the purpose o illustration. One
[0- f 2 where .p is the pump frequency. The signal and idler frequency, here the signal, increases going from left to right.
frequencies are shown for a LiNbO 3 0 PO as a function of tuning The other frequency scale, the idler, is determined by the
parameter, in this case temperature. For a fixed value of tuning first scale and the conservation of energy condition in such a
parameter. single-p parametric gain exists in bands centered on the way that a vertical line drawn through the diagram will give
phase-matching wavelengths as shown in (b). DROs have an added signal and idler frequencies that satisfy Eq. (1). If a signal-
constraint that the signal and idler cavity resonances must coincide in idler resonance pair lie on a vertical line, they satisfy the
satisfying the conditionp =ff +f. which results in output at clusterfn.uece () Ol woo treclsert: ete yopntie, simultaneous resonance condition. If temperature or dc
frequencies (c). Only two or three clusters represented by open lines, electric field applied to the crystal is changed, the position of
are located within the gain bandwidth. Usually one cluster represented threoacswladneaogtesceoetoheef
by the longest line. dominates. the resonances will advance along the scales, one to the left

and the other to the right, at slightly different rates due to
dispersion, but the scales will not change. If pump
frequency is changed, the frequencies of the cavity
resonances will not change, but one of the frequency scales
will be displaced with respect to the other, and the respective

-i' resonances will move with that scale.

CkW FM ,_Two types of discontinuous frequency shifts are
indicated in Fig. 3. One is an axial mode hopand the other

t is a cluster jump. As a tuning variable is changed, better
coincidence in satisfying the conservation of energy
condition is attained on adjacent signal and idler axial
modes. It then becomes advantageous for the oscillation

I ,frequencies to hop to the adjacent modes, one higher in

Fig. 3. A diagram (ref. 2) that shows the relationship between the
DRO signal and idler resonance funcmndes and the conaervation of
energy condition. Signal resoances ae plotted a a function of signal
frequency w. on an otdiwy lim scale with AsuqI y inemang fim.
left to right. The idler kequeney scale is detmmined by that of the
signal and the relationship.a 1 - &e + &I. I the display of idler
resonances. hefo e, f c emt= rl to Id. A sigln-idler pair that has both msonances otiid on a vertical line m in / -... CM'coicidemX~ for ssuisfying all*% + al.o In pnwddiiihewill be omei Ph= IaM11W

frequency mismatch At for mode pw The fqpemacy miasmatah is
the freqnmcy shift auized of ehr sgnal or idler r nmce to produce APPIED POT&d. (aWIi at
coincidence. The detail on the left shows shows the frusluncy f 4. A edlartia lopreandtan of a delled portion of ma idelied
mismatch do for a mode pair md its compomts A m "d " which uriin cuve for a DRO. Oswolatin pmpmms alon claer crves m
we the respectve fqumency displacemm from he mm of the sigrml d o i s qi o' y chaisg called axial mode hop as a t ning
and idler cavity resonances to the frequencies most favorable for vanable is chmngd. A Lag discontinuom hquency change of a
parametric oscillation. Dispesion is exaggleied in this schematic clr jump occur wten beer phase matchig exist on n adjaceat
representation. There am typically hundreds of cavity axial modes em curve.
between the cluster fquences whm Aw. -0.
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frequency and the other lower. This type of discontinuous
frequency change is referred to as a mode hop. Other factors The threshold for oscillation is obtained by setting the
such as phase matching also effect the selection of the parametric gain equal to the cavity losses. The electric field
oscillation frequencies. As the tuning variable changes, of the pump, signal and idler waves are expressed in terms
phase matching also changes, and at some point the oscillator of complex amplitude and exponentials
finds it advantageous to jump to the next cluster. This is
illustrated in the schematic tuning curve of Fig. 4. The EP ) Efz) exp i (k. z -0.t )+ C.C.
signal or idler oscillation frequency progresses along a 2 (z) = ,
cluster curve in a series of mode hops until another cluster
curve more closely approaches phase matching. At that point where the subscript J indicates signal, idler or pump, k is the
the larger discontinuous frequency change of a cluster jump wavevector, w is the angular frequency, z is the coordinate
takes the oscillation to the next cluster curve. Figures 3 and in the direction of propagation, and t is time. The coupled
4 are only schematic with dispersion greatly exaggerated. equations describing parametric amplification 5f
Typically there several hundred axial modes between monochronaic plane waves traveling in the z-direction are
adjacent cluster frequencies. dEs

Simultaneous resonance of signal-idler mode pairs z= i I Ep E1 *exp(i k z) , (4a)
occurs as a tuning parameter is continuously adjusted. In
general, however, coincidence is not perfect, and oscillation -- = i E E expQ Ak z)
of a particular mode pair depends on the degree of frequency a : P (4b)

matching and phase matching. The frequency mismatch &0
of a signal-idler mode pair can be defined as the shift in dE
frequency required of either signal or idler to bring the two P E i
resonances into coincidence to satisfy Eq. (1). It is where MKS units are used and
convenient to express the frequency mismatch as the sum of w. deff a def dn.
two components K - ' Ki - ,and K -

A( = AO) +A~. (3) s n c ni c  a p n c

Here Aw, is the frequency shift from the peak of the signal with ns , ni , and n the respective refractive indices for
resonance to the signal frequency most favorable for signal, idler, and pump, c the velocity of light, and deff the
oscillation for that mode pair. Correspondingly Aa, is the effective nonlinear optical coefficient. The solution used
frequency shift from the peak of the idler resonance to the here assumes that, at threshold, pump depletion is
idler frequency most favorable for oscillation as illustrated in insignificant, and the respective changes in signal and pump
Fig. 3. The signal component is measured on the signal amplitudes, AE, and AE i , are small compared to the
frequency scale, and the idler component is measured on the amplitudes. Hence, E. and E, are treated as constant in
idler frequency scale. The directions of these scales are calculating the changes, that is,
opposite. One increases from left to right and the other is
reversed increasing from right to left. Therefore, A; s and LEs 

i i P Ep *1 sinc(k 1/ 2) (5a)
Aal appear in opposite directions in this illustration, even
though they have the same sign. The frequency a = K. E E *1 sinc(Ak 1/ 2) (Sb)
displacements of the signal and idler from their respective I I p
resonance peaks are discussed in detail in part C of this The length of the nonlinear crystal is again given by 1, and
section. It is useful to first consider the dependence OPO the sinc function is defined by sinc(x) = sin(x)ix.
threshold on frequency mismatch and phase mismatch.

For the low loss doubly resonant oscillators considered
B. DRO threshold with imperfect signal-idler frequency here, Eqs. (5) are adequate to model the parametric gain.

coincidence Other solutions to Eqs. (4) included general monochromatic-
plane-wave solutions that allow both pump depletion and

Even a very small frequency mismatch can have arbitrary changes in E and E. [13] and somewhat more

significant effects on frequency selection and threshold of the restrictive solutions which assume no pump depletion but
DRO, particularly when cavity finesse is high. The with arbitrarily large changes in E. and Ei .[5,7] The latter

threshold relationship obtained here is the same as that was used in [12] for threshold analysis of DROs with

derived in the quantum mechanical analysis of Graham and aTbitrary strength of resonance.
Haken [10] and similar to but more detailed than the e parametric gain must compensate for both a
threshold equation given by Oiordmaine and Miller.(2] The decrease in amplitude and for the phase change due to
result given here is in terms of classical electromagnetic prease in te and The phase diage duw in
theory and more easily applied to the tuning analysis that propagation in the cavity. The phasor diagram shown in
follows. This threshold relationship is limited to cavities Fig. 5 helps illustrate this discussion. After a round trip
with moderate to infinitesimal losses. The effect of phase cavity transit, the signal electric field amplitude is reduced by
and frequency mismatch on the thresholds of DROs with afactor(-),e ide pha e is hfced by .angle t.
arbitrary cavity losses was addressed by Falk.[12] That Smaisshiftedlbyr At tleshold this change is balanced
result is used to estimate the conditions over which the
threshold equation used here is appqrate.
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Fig. 5. Phasor diagrams schematically show amplitude losses, a. At Fig. 6. A comparison of the thresholds for DROs with different cavity
ai.and phase shifts, y, and W, after one round-trip cavity transit for finiesse. Threholds am calculated as a function of the sum of the
signal an idler respectively. At threshold the increments of electric field cavity-round-trip phase shifts W using Eq. (12) for two DROs with
amplitude added by optical paramnetrc amplification, AEs and AEi, must cavity finesse Fs - Fi = 360 and Fs = Fi 960. The shape of the
restore the onginal fields. curve does not change, but the width defined as the region over which

tUreshold is less than twice its minimum value decreases for higher
finesse.

by the increments of electric field AES and AE, added by the
parametrc interaction:

(1- a,)exp(i V S )Es + Ais = Es , (6a) The sum of the unpumped-cavity-round-trip phase
shifts,

and ( -a,)exp(i V)E, + AE Ei . (6b) 4'= 4', + Vi (10a)

Choosing time so that the pump amplitude is real is useful for the purpose of comparison with the results of
E E= E .expressing the signal and idler amplitudes as ref. [12] and for conversion to frequency mismatch., p"

E = IE I exp(i 0)) and E = IEI exp(i 0). and Combining Eqs. (9) and (10a), the individual phase shifts
s i i can be expressed in terms of the sum by

applying the conditions that as, ai, ip, and vi all are small, a
Eqs. (6) can be written as ) V = 6 a (10b)~a 1 + a.

_AE I a 2 2 exp(i 0 -i y) (7a)
a.

2- and V, - V
and -Ei -E.+. exp(i0i -iy) , (7b) a i+a.

%%er Ys=tn IVa)ndy -I ai .

here y = tanif(1a3 )and 7i = tn' ( i/ ai). The threshold equation is obtained by taking the product

Substituting Eqs. (7) into Eqs. (4) results in two of the two equations for the magnitudes that are obtained
equauons for the complex arguments and two equations for when Eqs. (7) are substituted into Eqs. (4) with the result
the magnitudes. The relationships for the complex (a,2 + Ws2) (a,2 +2 ) = i 2 E 2sinc2(Ak 1 /2)
arguments, jO W) + ) Isn(4c/2

s+0 = y+.ir/2 (8a) = f 212sinc 2(Ak / 2)

and 0, + O, =  + x / 2 . (8b) The quantity r 2 is the parametric gain for perfect phase
matching, and it is proportional to the pump intensity.[7l

immediately yield ys = y, for the stationary solution or Using Eqs. (10b) and (10c). the threshold relationship given
V. Wi by Eq. (11) can be written in the form

-= - (9) 2 aa I" I/2
a, a r 2 1 I + W 2 2 (12)sinc2(4/ 1/ 2) (a3+ a)

Note that this is consistent with the result that the sum of the
signal and idler phases are constant when referenced to the Figure 6 shows the DRO threshold parameter r 21 2 as a
phase of the pump for stable single-mode-pair operation.[10] function of the phase shift sum V' as given by Eq. (12) for
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two sets of cavity losses a = a = 0.0087 and a =a.= 2) 1 2
0.0033 corresponding to fi"s values F f zW and B = Rand C = R s1-R
F = 960 of the DROs used in the experimental R.2 R2 Ri 7-R2
measurements. The shape of the threshold curve does not I - R
change significantly, but the minimum value is translated Equation (16) is a more accurate approximation of DROtoward zero as the losses decrease. The width of the Eqaon(6isamracuteprxmtonfDRthreshold curves defined as the region over which th ehold threshold applicable for arbitrary cavity loss. However, it isis less than twice the minimum value, therefore, decreases as unwieldy and must be evaluated as a limit when yV = 0 oriy loss e m decreases when at = a,. Evaluation of Eq. (12) yields threshold values
cavity losses derease. that differ from those oblped from Eq. (16) by

In the application of Eq. (12), thresholds are approximately the fraction Jaa . There is a fortuitous
in terms of cavity finesse because it is easier to measure the partial compensation for this disparity in the approximation

ratio of resonance width to spacing than it is to directly for finesse given in Eqs. (13). For F, = F i = 5, the
measure losses. A comparison of the above analysis with difference between Eqs. (15) and (16) is less than 13% at the

that of a parallel plate interferometer [14] or optical cavities in frequency mismatch for which threshold is twice its
general [15] shows that the amplitude loss coefficients, as  minimum value, and the difference decreases with decreasingand a, are related to the cavity funesse at signal and idler frequency mismatch. For F = .F = 10, the difference is 4%frequencies, F and Fo rectively, a n at twice minimum threshold, and the agreement againi Timproves as minimum threshold is approached.F, - ir/a, and F ir,xa . (13a, b)

Equations (12) or (15) could be used directly to
It is also more convenient to use frequency mismatch than determine the mode pair with lowest threshold for
phase shift. The components of the frequency mismatch are oscillation. It is more convenient, however, to restrict the
related to the phase shifts by possiblemode pairs on which oscillation may take place to a

6 ,, 8small number based on frequency mismatch and wavevector

4w and Awl - (14a,b) mismatch considerations. This is done in the next section
- 2x 2 where it is shown that there are three mode pairs in the

phase-matching bandwidth for which the frequency
Combining Eqs. (12), (13), (14), and (3) the threshold mismatch is a minimum. Which of these three mode pairsCquio n eqms (has the lowest threshold depends on the respective values ofequation becomes Ak and d and the cavity finesse.

'inc 2(Ak 2) 6M. + FsS°i (15) C. Frequency selection in the DRO

The selection of signal and idler frequencies in a cwThe threshold relationship given by Eqs. (12) or (15) DRO operating on a single mode pair is determined by two
agrees with other threshold expressions under appropriate conditions: the conservation of energy stated in Eq. (1), and
conditions. This result was obtained using a first-order- minimum threshold for oscillation. An approximation for the
plane-wave approximation for parametric gain. In the case threshold condition was given in Eq. (15). The conservation
of perfect phase matching of energy condition becomes implicit in the analysis of the
4k =20 and no frequency mismatch 4o=0, these equations condition of minimum threshold. In this analysis it is

reduce to r I = as a, which is the result obtained convenient to follow the approach used by Boyd and Ashkin

directly for this case.[7] Focusing and coupling to cavity [3] and define the signal and idler axial mode numbers
modes [16] must be considered for quantitative threshold m S = 21n = I ns( / (s
calculations. The plane-wave derivation of threshold is (17a)

adequate for the analysis of tuning where it is required only
toknowtherelativedependenceof iresholdon Aand Am and m. = 21nI = l nii (c), (17b)

There is also agreement with the central result of Falk's which are continuous variables taking on integer values
analysis (12] in the limit of high cavity finesse, that is, a. << at cavity resonances. The free space wavelengths of
1 and a, << 1. Rewritten in the notation used here, Falk's the signal and idler are given by , and A1 respectively,
Eq. (9) becomes and 21n, and 21n i are the respective optical lengths for a

round-trip cavity transit. The free spectral ranges or
F212  Bsin' 2td-( sinW\ V - ,} mode spacings of the signal idler resonances, &, and

I C +Cos) 1, 8i respectively, are the frequency changes which

2 sin i -ln( change the mode numbers m. and mi by one, that is,
s i l f _C + C -os ) s in c 2(4 ]+

(16)
where, defining R. I - a, and Ri  I -a,
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a ?n 2
and .. = (n + .- ~ ± nL f' (18b) m= "m 0.15d.2

The sum of the modte numbers +( ~ (+ 0,+ (T -TO)+~ am + o

m = Ms +mi, (19) and ((22

which is also a continuous variable, is useful for the
description of cluster effects. A pair of signal and idler d I d 2m
frequencies which satisfy Eq. (1) and for which m is an ms " ( 0.-0. d + S .(0-Oo)
integer are called cluster frequencies. In general, cavity .do.
resonances are not located precisely at the cluster
frequencies. Only the sum m + mi must be an integer at the dm d MF 54( T)+V V + m s  (23)
cluster frequencies; the individual mode numbers in general(
differ from integers by amounts equal in magnitude but
opposite in sign. The cavity resonance pairs most closely Second order is used for signal frequency because the first
satisfying the conservation of energy condition, and order derivatives (dAkld/a,) and (dAm/dwo). become
therefore most favorable for oscillation, are also the zero at degeneracy, and dispeion of &ns/d, is 'esential to
resonances for which m is most nearly an integer, the analysis.
Equivalently, oscillation frequencies of a DRO are displaced
from a frequency pair at which m is integer by no more than The notation of a partial derivative in parentheses with a
one-half of the respective axial mode spacings, whereas there parameter subscript to the right parenthesis indicates that the
are typically hundreds of modes between between adjacent parameter of the subscript is held constant for the
signal or idler cluster frequencies at which m is integer. differentiation. The conservation of energy condition is

introduced through this device. Consider a function which is
Two further quantities useful for the description of the dependent on the signal, idler and pump frequencies

mode hops and clusterjumps of DRO tuning, Am and A f/=f(Osa.,w,) and require that the conservation ofSenergy conliXn 0) + o, = w6 holds. Differentiation with
are obtained by subtracting the integer nearest the mode $eegyton it +O h lds.a Dfferetiation wih
number from the mode number~ respect to e), with (op held c~nstant requires that as ws i

nuMer fro= M -d numer, 20a) increased oA must decrease, or
Am =m -RouND(m) (20e) (.s) p = A f

and Am = m. - ROUND(m). (20b)

These parameters are used in the calculation of oscillation and similarly, )O)
frequencies and tuning variable tolerances.

At optimum operating conditions, the parameters Ak, The derivatives used in Eqs. (21), (22) and (23) are
Am, and Ams will all be zero indicating perfect phase expanded in Table 1. The differentiation is straight forward
matching and simultaneous cavity resonances at the desired and can be verified by inspection of Eqs. (2), (17) and (19).
signal and idler frequencies. Adjustment of three
independent parameters is required to reach this condition. 1. The phase-match curve and the cluster curves
The discussion presented here is given in general terms using
parameters Ak, m, and m. and in specific mns of the tuming A number of equations considered below are identical
or control parameters used in the experimental observations, except for exchange of the tuning variable. An economy of
The experimental observations use temperature T and applied notation is possible using a general tuning parameter C,
potential V as adjustable parmers to control the variable which is T, V or w) in the specific example or more
parameter signal frequency %. Pump frequency m- is used generally any single parameter used to tune a DRO. A
as the required third adjustable prmneter for the calcWations. phase-matching curve as used here gives the signal
Simple Taylor's expansions for Ak, m, and m. were found frequency for which Ak = 0 as a function of tuning parameter
adequate to model the observed frequency imbig. and is denoted by wl(C). This curve is obtained from

Ak _ Q& (ni-a 1 (a 2 Eq. (21) or a similar equation by setting the other adjustable
(@) s*) + 2 ). (0. 0 ? parmeter to fixed values and eting Ak a 0. The cluster

WP P curves wi (C ) give the signal cluster frequencies as a
function ;M tuning pmreter C. The cluster curves can be

(p-'p,.0)+ (T-TO) + +k o , integer values and again setting the other adjustable
(21) parameters to fixed values. For type-I phase matching, thephase-matching curve is a parabola-like curve as shown in
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Fig. 1, and the cluster curves are a family of parabola-like
curves. The oscillating frequencies are closest to the cluster
curves near the points where the cluster curves intersect the
phase-matching curve.

The signal frequency separation of adjacent clusters Q,
can be obtained from the second-order approximation

TABLE 1. Derivatives used to calculate 2

tuning of a monolithic DRO. Am (cluster) W +1 2 aW + " " 5-

(24)

- L- ± + (2 .L) Away from degeneracy the first order term dominates, and
sa% 2 Eq. (24) is approximated by

din a_ j d ci an, " n, dl ' u±(! ,  ,- & ' (25)

+ jT k a ,=±&T iCd5T 9rCd '*-, 0) (sa.- 5(0.

dina,)in agreement with ref. (4]. Phase-matching limitations result= ns( 3 n -L + , 2 in a gain bandwidth with half maximum values at the
W C dV dV frequencies where Ak = ± 0.886/ I - ± / lI and a

daj ani  corresponding signal frequency full width at half maximumn - S) of
Sw W-1SSO1 d

( 2 ) lJ d ~ n\ 2  2  Aw (Gain-FWHM) d"(26,

o WP ' s In the specific case of the monolithic DRO, for which
(d.) dn derivatives are given in Table 1, xi, (dmldo) ) =

d( + w ) -(dAk/lds) and Ao (Gain-FWHM) - 2 %s" Sincethe
W C ( i +iioWiC frequency searation ot the clusters is approximately one-

half of the parametric gain bandwidth, there are two or three
m = ans i clusters within the gain bandwidth. This is true for any DRO

K - c 'dT ' ) - (I'°n,+ Oi )S" in which the nonlinear crystal is the only dispersive
component and the crystal is traversed twice in each round-

dm fl£On£+fllO A rtsdand trip cavity transit but has parametric gain in only one
a = pC V " d 'd.s+v= + 'dv direction.

(dAk ) (nn - -an i, n (d) 2. Oscillation frequencies

371T a0; The oscillation frequencies are determined by phase

( 2k )2 matching, the center frequencies of the signal and idler cavity
( ) = resonances, the frequency mismatch of the resonances, the

do.,2  -- ' dro2 'WP finesse values of the resonances, and the axial modespacings. To model experimental observations, the
(Ak) ( n d. frequencies of the parametric oscillation are calculated with

dnp- ni + Wo 0 ) the following procedure. First, the signal frequency for
p , p a phase matching wi, PM is found for specified tuning

d W an . dan, . a. parameters using thei condition Ak = 0. Next the signal
- .. ± - p - - - - cluster frequency wi closest to ws PM is found using the

=7 c dT C "" - 7'" condition Am = 0. It-the DRO cavity has only moderate or
-Wi -low finesse, and the precise oscillating frequency and mode

#ak -) 0 )0 a -0 hops are not of concern, these two steps are all that is
= dV c dv - dV required. The extra resolution of frequency tuning can be
S CTobtained from the value of Am. at the cluster frequency

_) _l" This value is called Am$ C to indicate that it is
calulated at the cluster frequency, s Cl for the specified
tuning conditions. Knowledge of ti cavity finesse and
mode spacing in addition to the value of AmCl permits the
detailed calculation of oscilation frequencies.
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The rocedur for detennining the fine details of tuning frequency shift from the center of the signal cavity
is illustrated in Fig. 7. The signal cluster frequency w,,Cl resonance, that is,
obtained by the steps described above is a reference point
from which to start. The center of the nearest signal .A + A O
resonance is displaced from oika by frequency
-AM, Cl8ai, where 8W. is the signal axial-mode frequency - ~8i 7 ) (29)
sepaation. The center of the nearest idler resonance is as AMS', &or i +
displaced by -Ami,Cl, from the complementary idler
cluster frequency ai ,a = 0%-;s c where &ki is the idler Equations (27) and (28a) are substituted to obtain the second
mode frequency separation n ois the pump frequency. step of Eq. (29).
Since w. is a cluster frequency where Am = 0, Am, 0 =
_AM si.o°wing the frequency mismatch of the signfd-ider The tuning rate for a general tuning parameter could
mode pair to be expressed as be obtained by direct differentiation of Eq. (29), or more

A4 = Am3 (w - SA) . (27) simply by considering the tuning rates of the cavity
resonances. The tuning rate for the frequency of the signal

Recall that the frequency mismatch is the shift in frequency mode is - x&V ,/dC and that for the frequency of the idler
of either signal or idler resonance required to bring the is -kxani/o. The tuning rates of the cavity resonances
resonance pair into coincidence for satisfying the are combined to yield the rate of change of the frequency
conservation of energy condition. mismatch,

am &n dmn dm
The displacement of the signal oscillation frequency = + ' 0.-d

w, Ow from the center of the signal cavity resonance is 4w,
and the displacement of the idler oscillation frequency k.O, The tuning rate of the signal oscillation frequency is the sum
from the center of the idler cavity resonance is Aa i . Using of tuning rate of the signal resonance plus the fraction &OsF/
the earlier definitions and conditions imposed on round-trip (&,ri + &Jr s ) of dAodC, that is.
cavity phase shifts for a stationary solution given in Eqs. (3),
(10), (13), and (14). it follows that (F" - -(F + F) (30)

= A / + ) (28a) = 8P + &0 5 dc

This tuning is limited to a small range by mode hops or
and Aw. = A & i (&o F + &iF) . (28b) increased cavity losses as the oscillation is pulled off the

peaks of the cavity resonances. On a broader scale, tuning
Finally, the signal oscillation frequency is given by the sum progresses along a cluster curve in a series of mode hops. If
of the cluster frequency plus the frequency separation of the finesse is high it is possible that the oscillation jumps back
signal cavity resonance from the cluster frequency plus the and forth between adjacent cluster curves as well as hops

from one mode-pair to the next along each of the cluster
curves. The analysis of cluster jumps requires the mode-hop
structure on two or three cluster curves closest to phase
matching be compared to determine which cluster curve

(k /1 .JS wprovides conditions most favorable for oscillation.

40. The dependance of the continuous tuning on cavity
_ .,c1 &0 S "S finresse is apparent in Eq. (30).

The higher finesse resonance more strong pulls the
frequency of oscillation than complementary resonance with
lower finesse and greater width. Some caution, however, is
required in the use of this equation. For example the
calculation of avs.O/V and 0/o, IdT for DROs with

-m nearly equal signaf and idler finesse involves the small
- S.CJ.0i difference of two quantities. In such situations it is

important that the sterms on the right hand side of Eq. (30) be
evaluated accuraely for the specified operating conditions.

M.co,, 3. Tuing limit and mode hops

Fig. 7. A Aqnu4dlk uma 1 diam ,-to i 3 ucmbd in Mode hops are periodic along the cluster curves
deail to dow mdatimbi bsawm pmwaum M1u -mv d ider occurring every time m., clages by one. Recall that
cavity ns an wi dt a meio o - iag lamd ha the m. 0 ls the value of ms 0-ie cluster curve where Am - 0.

ptpaive ct ut qmadadn tar a wtd a(mi of Thb change of tuning parameter ACo ac that
nonuzm ImquencyWnth l lOoa:mingF I,O'C colesponds to a mode hop is a quantity thit is %;silyXW a.Oqw divid hdqumcy smiueh Ai&to l, ampomwu masured experimentally. Since a mode hop corresponds to

-9.



a change of one in msO, it follows that the tuning parameter matching gain bandwidth if a favorable coincidence of signal
change corresponding to the mode-hop spacing is and idler resonance exists on that cluster curve.

o.n (31) Plotting the mode hop frequency limits w Hop and the
pai(31) finesse frequency limits " in addition to the cluster curve

In the evaluation of dm itprovides additional information concerning the fine detail of
dItie evalu f , it is helpful to use the tuning. On a broader scale, it is informative to display
derivative curves defining the phase-matching gain bandwidth along

-s. dm (d0) "1  with the phase-matching curve. It may also be useful to
7C %w display more than one cluster curve near the phase-matching

- P, %curve.

An atnempt has been made to keep the results of this
Si. di (32) section general. For application to the specific case of a

- 8oi - 8W.o "3 monolithic DRO tuned by temperature, applied potential, and
pump frequency, the appropriate variables and derivatives

The first step simply states that the cluster frequency toCl from Table I are directly substituted for the terms involving
must change with the tuning parameter C" in such a way tAt the general tuning parameter C. Evaluation of the derivatives
m does not change, and the second step is obtained using for the case of monolithic DROs made from MgO:LiNbO 3
Eqs. (18) and (19). It is possible to expand the derivative with propagation in the x-direction with electric field applied

s. Ci/B first using the chain rule of differentiation and in the y-direction is discussed in Appendix A. Temperature
then using Eqs. (18) and (32) to obtain dependent dispersion, thermal expansion, the electro-optic
dm, c I +in5  dm. = 80. dn effect and the piezoelectric effect of the nonlinear optical

-' - i , , n (33) materia are used in the evaluation. Results of this evaluation
dC dC do, dC dC' 8tv- &-), d" for experimental conditions described in the next section are

Another useful parameter is the maximum frequency given in Table II.

shift from the cluster curve that can be achieved without a
mode hop (o)s Ho - w sCI). This is obtained directly when III. Experimental observations and modeling
the extreme valugs of .C ± 1/2 are inserted into Eq.
(29) to yield A. Experimental conditions

Hop- =.Ci - 2 &,3 Two monolithic DROs which have been described
+ earlier [17,18] were used in the experimental observations.

One DRO had lower finesse and had to be pulse-pumped to
achieve the higher threshold power needed for parametric

Cavity finesse can also limit the single parameter tuning oscillation. The higher finesse DRO operated aboverange. It follows from Eq. (15) that threshold is double i threshold with the available continuous pumping. The pumpminimum value when the frequency mismatch Ao reaches source was a diode-laser-pumped nonplanar ring oscillatorthe value [19,20] constructed of neodymium doped yttrium aluminumgatr (Nd:YAG) with the 1064-nm laser output converted to
F .,+. __ 532 nm by externally resonant second harmonic

A = t 2 generation.[21] Approximately 30 mW of cw pump
27 7*i Fradiation was generated. The laser operated in a single

The corresponding value of Am, , is obtained from Eq. longitudinal and single transverse mode. For cw operation
(27). Upon substitution into q. (29) the maximum of the laser, fundamental frequency stability was typically 10
displacement of signal oscillation frequency from the cluster kHz over short periods of time.[22,23] This value is
frequency allowed by cavity finesse is found to be doubled at the second harmonic. Higher peak power at

similar average power was obtained by driving the laser into
T + i Sm. Sah relaxation oscillations by 10% amplitude modulation of the

-,a - : (35) diode laser output at 320 kHz. Good frequency stability and
- F. A&j -Sm. high optical quality of the pump radiation, such as that

achieved with the diode-law-pumped solid-state laser, are
important for obtaining stable DRO performance.

If finesse is large the frequency displacement allowed by
Eq. (35) becomes significantly smaller than the frequency Both monolithic DROs were operated with a ring
displacement required for a mode hop described by Eq. (34). resonator configuration. They were constructed from 5%
n this case parametric oscillation on the cluser curve closest magnesium oxide doped lithium niobate

to phase matching ceases in a region around the mode hop. (MgO-ibO3).[24,25] Each of these monolithic resonators
It is then possible for the parametric oscillation frquencies to was 12.5-mm long with the crystal x-axis in the long
jump to an adjacent cluster curve that is still within the phase- directieu. The ring paths were formed by reflections from

two multilayer dielectric coated surfaces with 10-mm radius

-10-



TABLE 11. Values or parameters and derivatives used to model tuning of

MgO:LiNbO3 Monolithic DROs.

I = 0.0125 m, o~o - 3.54070 x 1015 rad/s, o),0 1.77035 x 1015 rids. To = 107.04 C, V0 = 0

am,1  am 3510(r/s' (L) = 0 (d4k =

2(- -.05 xi. W1 (rid/s)1 -0); WP -s*). Wta/

= M 1.0 x 10-2 (rad/s) 1 I=2 2.20 102'7 (r/)' (a24k) 55 x 0- rLfl

din, 0 (2T-) = 3.05 x 10" (rad/s) 1' (d) =5.44 -1- ax

d~k rad/s

di,-1.02 *C 01m 2 0 3 *-I 4

di, -1.81 x IOe rnV dm -- 3.63 x 10 -6ME d~k *3.61 x 10 .4rd/ a

77~~ V/- T rn

(a) Tile paranetet is the effective thickness of the crystal in meters.

0.1=0 VDRO

Fig. S. 7he DRO geainuy used fo C.~MuWa1 obWsrvanna iII~~II~e~IJ

of curvature and a totally internially reflecting (IR) surface. IiIu~l~l~l~l
The centers Of curvatur Of the Spherical surfalces were on a
line parallel to and 180 Im inside the flat TIR Surface. A
drawing of the monolithic DROs is shown in Fig. 8. T7he eamaplitter
532-nm pump beam was mode matched for collinear
Propagation on the segment of the ring path psulhl to the
crystal z-axis. The pump beam with extraordinary
polarzatio did not follow the closed path of die signal and
idler waves with ordinary polarization because of bi- .

Metal coatings for electric field tuming were applied to monochromator
the crysta surface perpendicualar to the y-auis. The
thicknes of doe cYstal between dio eecoodes was 2.2 m. Fig 9. Scheati qmmultio of do n"u and for DRO tunin
The finesse of both DROs at I064 pmn was measurnd using W
the NL.YAO later output directy widihmt second harmonic
generation. Elecri-field tuning wan used to sca the
resonators through a fme speclral rage and transmission
throug111 hde ruM gave a meuma of resonuace width higher threhold OPO was pumped by 532-nm second
relative to the mode wspai On DRO hes a finess of 360 harmonic which consisted of 40043s pulses with 230-mW
and die other had Emue of 960. TIe lowe finess device peek poe at 320-k ptito fsm
had an experiinahll obseved threshold for cw paumetric
oc~illaltion oscilblon of 35 mW, and the highe finesse DRO The ousPA of die DROs was Pimed by temperature and
had a threshold of 12 mW. The pump source could produce electric fild Noncritical phaetching in MgOLi&bO 3
aIP~rximalely 30 mW of cw radation at 532 nt. The was achieved for degeneracy at 107 OC, and as temperatur



was increased the signal and idler wavelengths separated monochromator slits were opened to provide 5-nm
from the 1.064-1Jm degeneracy point. For the tuning studies transmission width, sufficient to resolve the individual
the potential applied to the crystal was repetitively ramped at clusters while transmitting a number of mode hops. The
fixed temperature. Output wavelength measurements were central cluster curve with signal wavelength near 1043 nm
repeated at incrementally changed temperatures. Af/10, one- dominated. Two other cluster curves fit within the phase-
meter grating monochromator with a 600-line/mm grating matching gain bandwidth, and output on these curves was
,Aas used for wavelength measurement. The DRO output observed near 1053 and 1037 nm. Competition with the
directed into the monochromator consisted of a series of central cluster curve, which depletes the pump wave, is
pulses; these pulses resulted either from the pulse pumping evident in the two cluster curves to either side.
or from the mode hops produced by the ramped voltage with
continuous pumping. The radiation transmitted by the Three adjustable parameters were used to fit Eq. (21)
monochromator usually consisted of a few pulses in a and (22) to the observations. A temperature offset correction
narrow spectral band which could be correlated with the is used to fit the calculated phase-matching curve. There are
potential applied to the DRO electrodes. A schematic inaccuracies in both the absolute measurement of temperature
representation of the experimental setup is show in Fig. 9. and in the temperature dependance of the dispersion

relationships that make this necessary. The temperature
B. Cluster tuning adjustment was accomplished by shifting the data a fraction

of I "C but could have equally well been done by changing
The tuning of the high finesse DRO involved spectral the parameter Ako in Eq. (21). Another fitting parameter is

jumps back and forth between cluster curves as well as mode required because the optical lengths of the DROs are not
hops along the cluster curves. This behavior is illustrated in precisely known. This is accomplished by changing the
Fig. 10, where DRO output is displayed for a small voltage value of m0 in Eq. (22) and has the effect of adjusting the
range at a constant temperature. In this figure output is placement of the cluster curves. The thickness of the DRO
resolved on three separate cluster cutves. The crystals is also used as a fitting parameter. The electrodes do

not completely cover the surfaces, and fringing effects are
not considered. Instead, it is assumed that there is a uniform
electric field in the y-direction given by E = V / i where V
is the applied potential and t is an efrective thickness.
Adjusting the thickness has the effect of changing the slopes
of the cluster curves and voltage tuned phase-matching
curve. It is interesting to note that the piezoelectric effect in
addition to the electro-optic effect is needed to model the
observed tuning. When only the electro-optic effect is used.
the calculated voltage-tuned cluster curves are parallel to the

1043 J] voltage-tuned phase-matching curve. A fourth fitting
&A&&&&1~h&"kAAAkAAA AAAA 91 parameter not used here is the constant msO in Eq. (23).

Adjustment of ms.0 would allow for different phase shifts at
the mirror surfaces for signal and idler and the possibility of
different cavity lengths. Adjustment of ms.0 will change the
calculated position of the mode hops.

The observed and fitted tuning curves for the DROs are
shown in Figs. 11 and 12. The theory is most easil)

1053 nm expressed in terms of frequency. Frequency, therefore, is
used as the primary ordinate scale in these graphs, and

Lwavelength is included as a secondary scale for reference.
The temperature-tuned phase-matching curves are shown in
the (a) portions of both figures. At each temperature setting,
a range of output wavelengths is obtained by voltage tuning.
In most cases, the observed tuning ranges cover the space

40 V between and extend slightly beyond the calculated
temperature-dependent tuning curves for the extreme

Fig 10. Oscillograms of cw-pumped DRO output showing voltages. Voltage was ramped from 0 to 1150 V. and when
simultaneous output on three cluster curves. The ignal displayed is the crystal was reversed from 0 to -1 150 V. Parts (b)
that produced by a photodiode placed after a morochroIator with slits through (d) of Figs. I I and 12 show the voltage tuning at
adjusted for 5-nm bandpass. Each of the oscilorms corresponds to selected fixed temperatures. The data are the voltages at
the same porion of the ramped voltage applied to she DRO. The which output was observed at selected frequencies.
change in applied potential is indicamed. The oscilogpans differ only in Calculated phase-matching curves, gain-bandwidth curves,
the wavelength setting of the monoehromator indicated for the and cluster curves are shown for comparison. In some
individual traces. The outpu on the cnal dteir domies and is so immnsum the da are locId in lines parllel to the calculated
strong that the oscilloscope usce does not niS to On baisline. cluster curves but not on the cluster curves. This most likely

is caused by inaccuray in temperature measurement, and

-12-
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Fig 11 Observed and calculated tunng for the pulsed-pumped DRO X 295 ": ....1c
:th finesse of 360. The open vertical bars in (a) show the extent of . . .

tuning observed as applied potential was ramped from 0 to 1150 V at..
, onstant temperature. The solid lines in back of the v,-rtical ban are Z 2 1020 Z

LU
alculated phase-matching curves for the extreme voltages. Voltage "

tuning for three temperatures is shown in (b) through (d), where the U,
hfea%.) central lines are the calculated phase-matching curves, and the cc 293 .:
diashed lines indicate the lim.its of the phase-maching bandwidth. The T 109.17 C- 1025
Jutted Lines are calculated cluster curves, and the heavy dots ae observed

operating points of the DRO. his DRO, which has only moderate 29500 1000

fincsse, exhibits few jumps between cluster curves as the voltage is APPLIED POTENTIAL (V)
ramped The data are measurements of applied potential for a limited
,.ampihng of output frequencies, and do not represent individual mode
hops

limit imposed on the F= 960 DRO by the resonance widths,
that is, finesse limit of tuning is reached before the mode-hop

:oincidence could be obtained by choosing a different limit of tuning for most conditions encountered.

temperature calibration for each setting. In practice DRO The cluster curves also are dependent on temperature.
tuning may provide an accurate measurement of its The data displayed in Fig. 12 is interpreted to show
temperature. The DRO sensitivity to temperature will temperature tuning at constant voltage in Fig. 13. Here the
become more apparert later when the details of tuning are data points are either interpolated from measurements of
discussed. cluster tuning with voltage both higher and lower than the

selected voltage, or extrapolated from measurements of
Figures II and 12 appear similar in a cursory cluster curve that nearly reached the selected voltage. The

examination; however, one aspect of tuning dependance on calculated phase-matching, gain-bandwidth, and cluster
finesse is illustrated. The lower finesse DRO, with tuning curves are again in reasonable agreement with observation.
shown in Fig. 12, usually oscillates on the single cluster
curve nearest the phase-matching curve. Sometimes the C. Axial-mode-hop tuning
oscillation jumps back and forlh between two cluster curves
when they are nearly equal distant from phase matching. There is good ageement between observation and the
The output of the higher finesse DRO with unilng shown in calculated voltage change required to produce a mode hop.
Fig. 12 jumps between two or three cluster curves. This is Observations similar to those illustted in Fig. 10 were
in agreement with theoretical predictions that show the tuning

13-
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Fig 12. Observed and calculated tuning for the cw-pumped DRO with"' . - .
inesseof960. AsinFig. 11, the open bars in (a) indicate the range of X 294 . 1020

tunng as voltage was ranped, m this case between -ll50 V and O. and

the solid lines in back of the vertical bars are the calculated phase- >

matching curves for the two extreme voltages. Voltage tuning is z 293 z
shown for three temperatures in (b) - (d). This DRO. which has higher .U ." . . 1025 -
finesse, exhibits a number of frequency jumps between three cluster >-292
curves as voltage is tuned. aT109.12C

291 ,1030
-1200 -600 0

performed under different conditions. The results are shown APPLIED POTENTIAL (V)
in Fig. 14 in which AVHo-spacm = is displayed as a function
of detuning from degeneracy. The calculated line is obtained
from Eqs. (31) and (33). The tuning parameter is voltage
and it is necessary to substitute V for ;" in the equations and
further substitute the appropriate values from Table II, and
evaluate the derivative (dlwd,) ft as a function of signal
frequency. The approximations given in the next section by calculate the cluster signal frequency ms el, Eq. (23) to
Eqs. (37) and (38)a w w iheeacalculate the signal mode number m3 Cl at the cluster
(31). frequency, and Eq. (29) to calculated the signal frequency of

the oscillation. The mode-hop frequency limits given by Eq.
Calculations of axial-mode-hop tuning along cluster (34) and the finesse frequency limits given by Eq. (36) are

curves were performed for conditions that would also shown.
approximate those used to produce Fig. 10. The same fitting When the oscillating signal frequency differs from the
parameters were used as in Figs. 12 and 13. An operating cluster signal frequency by more than the mode-hop limit, it
temperature and center voltage were chosen to give three is advantageous for the oscillation to shift to another signal-
cluster curves centered on phase matching at the observed idler resonance pair. When the oscillating frequency
operating frequencies. This was done by manipulation and excursion from the cluster frequency reaches the finesse
solution of Eqs. (21) and (22). Calculated phase-matching, limit, threshold for parametric oscillation is double the value
gain-bandwidth, and cluster curves in this region are shown it had when the oscillation frequencies coincided with the
in Fig. 15a. Calculated tuning along the three cluster curves cluster frequencies, and threshold increases for greater
with the detail of mode hops is shown in Figs. l5b, c, and excursions of the oscillation frequency from the cluster
d. These tuning curves were obtained using Eq. (22) to

14-
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300 .-. m. c m r" - 1000 variable is different for the three adjacent cluster curves of. go" bvidah _ Fig. 15b, c, and d. Also, the relative positions of the finesse
"N ct0m"aJits." and mode-hop limits change with detuning from degeneracy.
I-. . . ..

" 1025 These comparisons show quantitative agreement
o 2 between observations and the tuning theory of section II.
U 290 Z The tuning theory describes the cluster tuning of the DRO, as

O "-J well as the effects of cavity finesse on te cluster structure in
L'1050 >  the occurrence of cluster jumps. Also, the theory is able to

V. /0votpredict the observed spacing in tuning variable of axial mode
V = -200 volts -1064 hops on a microscopic scale of tuning. This is done using

2801 1 temperature dependent dispersion, thermal expansion,
106 107 108 109 110 11 electro-optical and piezoelectric effects. Only three fitting

TEMPERATURE (C) parameters ae used a temperature calibration which entailed

Fig. 13. Observed and calculated wrting for te cw-pumped DRO as a the translation of a temperature scale by a fraction of a degree
function oftempeanuem The same tuning datat w ued inR. 12 C, an adjustment of cavity length I less than one
is used here. A fixed voltage of -200 V was co . For the cam wavelength, and the use of a effective crystal thickness that
where oscillation on a cluster curve was observed at voltages both compensated for the nonuniformity of electric field inside the
higher and lower than this voltage, frequencies were obtained by crystal. With this agreement, it is reasonable to consider
ntezpolation and a represented by a solid data poins For the casm applying the theory to analysis of the DRO for optical

which cluster tuning came close but did not reach this voltage, frequency synthesis. Specifically, the analysis addresses
frequencies were obtained by extmapolation and am reprsented by open conditions required to reproduce the coherence of a
data points. The dotted lines am poriions of die calculated tempemsu frequency stable pump having a small degree of tunability at
dependent cluster curves. The calculated phase-matching curve is the any frequency in the tuning range of the DRO.
central heavy line, and the dashed lines show the approximate gain
bandwidth fimits.

WAVELENGTH (nm) IV. Frequency synthesis and tuning variable tolerances
1050 1000

6 I Parameter tolerances and continuous frequency tuning
are topics which can be addressed with the theory presented
in earlier sections. Knowledge of tolerances is important for

0 stable DRO operation and tuning to oscillation at specific
frequencies. Continuous frequency tuning is of interest in
many applications. Fixed frequency operation with
resolution fiuer than a mode hop may be required, or perhaps

z 2 ~ truly continuous frequency coverage may be necessary. The
DRO output frequencies lie within the widths 2f cavity

resonances. The extent of continuous tuning depends on
several factors including frequency shifts of the cavity

o modes, the spectral range over which tt.., conservation of
0 10 20 energy condition can be satisfied while maintaining

fs f0 (THz) oscillation within a selected mode pair, and the spectral range
over which higher net parametric gain is not available on

Fig. 14. Mode hop spacing in applied potential as a function of another mode pair. Multiple parameter tuning in which two

etuunmg from degeneracy. The dou m data Points and the sid fine is or more parameters are synchronously changed is required
aculaed from temy, for continuous tuning over the full free spectral range of the

oscillator. Single parameter tuning will provide frequency
coverage over small regions separated by the discrete mode
hops.

frequency. Figure 15 illustrates how cluster jumps can be
interspersed with the mode hops of a single cluster curve. It is easiest to think of tolerances for situations in which

For the calcultion presented in the figu, the iiem limit of only a single parumeter is allowed to change. In practice
tuning is reached before the mode-hop limit on the central ther are advantages in dealing with parameter tolerances in

cluster curve shown in Fig. 15c. Parametric oscillation on piirs. For example voltage and temperature adjustments
the central cluster curve usually dominates because phase could be used to maintain stable oscillation at a fixed
matching is best there. When the firesse limit of frequenicy, It may not be possible to control temperature to
frequencyexcursion from the cluster curve is reached the precision required with fixed voltage, but the lack of
however, the parametric oscillation on the central cluster required temperature control could be compensated with

curve decays, and it is possible to have oscillation build up voltage conltrol. Feedback techniques could be used to adjust

on an adjacent cluster curve before oscillation cm build up voltage to maintain stable oscillation on a signal-idler mode

on the next mode pair of the central cluster curve. Notice pgdr even in the presence of temperature fluctuations that

that the mode-hop spacing measured by change in tuning would aiom cause mode hop. The change in voltage

- I5-
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Fig. 15. A detailed display of calculated DRO tuning as a funcion of
applied potential for conditions that would produce output similar to -
that show in Fig. 10. AU calculations are for a fixed temperature of t 284.80
107.540 C. In (a) the phase-matching curve is the heavy solid line, the >

gain bandwidth curves ame the dashed lines, and the duster curves are the Q
doted tines. Detailed calculations of tuning on thre cluster curves near uW 284.79
-160 V are show in (b), (c) and (d). Her the DRO output frequency is
indicated by the open horizontal bars, the dotted lines am the cluster W
curves, the heavy dashed lines are the finesse limits of frequency 2
excursion from the cluster curve, and the light solid lines ame the mode- 284.78

hop limits of tuning. A finesse of 960 is used. The slope of the
continuous portions of the detailed tuning curves (b)-(d) is dependent on -165 -160 -155

the relative values of finesse at the signal and idler freluencies, but in APPLIED POTENTIAL (V)

all cases this slope is much less than the slope of the duster curves.

required for stable operation could be used as an error signal maintained, but it would not be possible to maintain optimum

that would in turn be used to return temperature to the phase matching.

desired value. A. Tuning variable tolerances

Simultaneous adjustment of three parameters could also The parameter tolerances for stable operation are
be used to tune the output frequency of the DRO. As an determined by the more restrictive of two conditions. Mode
example, consider the pump frequency ramped in some
specified way. The conditions required for stable operation ps are avoided by maintaining operation within a range of

adjustment over which higher gain does not develop on
on a single signal-idler mode pair could be provided by another signal-idler mode pair. The range of adjustment over
feedback control of the potential applied for electro-optic and which oscillation can be maintained on a mode-pair may be
piezoelectric tuning. The tolerance required for phase limited to a smaller value by the resonance width or
matching is much less stringent Own that required for stable equivalently the DRO finesse. These tolerances are closely
operation on a single signal-idler mode pair; adequate phase related to the mode-hop spacing and spectral limits of tuning
matching could be maintained by temperature control based which were discussed earlier, and they can be obtained from
on a functional relationship dependent on the pump detailed tuning curves such as were shown in Fig. 15b, c,
frequency and voltage required for stable operation. With and d for voltage tuning. Detailed tuning curves for
two parameter tuning, frequency maching could be
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287.46 V =-160 volts temperaure tuning and pump-frequency tuning are shown in
Figs. 16 and 17 respectively.

I 287.45- The conditions for t calculations displayed in Figs. 16j 8.4i**....and 1sr h am e stssedp o pce F ig.5c.

D ~signal frequency near 287 THz: (1043 nm). Fitting
-parameters used in these calculations, such as effective

LL. Cluster Cu"v thickness t a 0.277 cm and a length adjustment
-.... finesse bimi corresponding to a change in m of 0.42, are the same as

287 - -me o required to fit to the experimental data in Figs. 12 and 13.
107.537 107.540 107.543 These characteristics are carried forward to other calculations

TEMPERATURE (C) for the purpose of providing a specific example for
comparison.

Fig. 16. Calculated detailed tuning as a function of temnpeature. For
this calculationi temperature is adjusted while oter parameters we held The detailed tuning curves of Figs. 15, 16, and 17 are
constant at values corresponding to a point new t cad"e of Fig. I c similar in many respects. The modeho and finesse limits
The vUIOIIs lite have the sune signfihcance as in th" fiWge. Hem of frequency displacement from the cluster curve are
also, the slope of te continuous portions of t tunn curve ame independent of tuning parameter. In each of the figures, the
dependent on the relative values of uignal and idler finesMc and thi slope of the continuous portion of tuning between mode
slope is small compared to the slope of the cluster curve. hops is much smaller than the slope of the cluster curve. The

____________________slopes of the continuous portions of tuning are dependent on
the relative finesse of signal and idler resonances. The case

28744V - -160 volts of equal finesse is shown in the calculated tuning curves.
T * 07.4 CThe illustraed curves show that voltage needs to be held

within a tolerance of approximately 1 V, temperature within
z 28743 ~0.0005 *C, and pump frequency within 3 MHz for stable
z 28.43-operadion for this example.

w Analytic approximations for the parameter tolerances for
cc 287.42 - s- stable operation are not limited to a specific example. TheLL - sCOlrQ -1 ..ber ..- ,range over which a parameter can be changed without

CI..... """41 causing a mode hop is obtained from t condition Ams co =
Z.................±1/2. Recall that ms Cl is the value mr for a point on the

S287.41 0 20 40 60 associated cluster curv;e, and the cluster curve is a line which

PUMP FREQUENCY SHIFT (MHz) gives the values of signal frequency ws and a tuning
parameter C for which Ain =s0 with the other parameters held

Fig. 17. Calculated detailed tuning as a function of pump l~mquency. at fixed values. It follows thalt the tuning parameter tolerance
For this calcultion, pump fiupauscy is adjusted whille oter paratesn is
am held constant at values corresponding to a point neat the comte of
Fig. Il5c. The various lines have the -se iwihce a in that fiAutMsC
For pimp fivqaaacy tauning with equal ignal anod idler cavity finesse, 24 c~owme= ~ d (36)
the slope of the continuous portions of the tuning curve is
approximately 0.5. Due to the scale required to display do Tuh 7he derivative in t above equation can be evaluated with
greater slope of the cluster carv, tho continuous portions of toe tuning Eq. (33). An approximation of that equation for the case of
curve r;pPC- to be hwtizoutalL Type-I phase matching is given by

TABLE 131. Ceitled itsingep ter eneem telling rae and an~l 6O n(7
weae telew frs tabl II ofeur .1eb ftms a %I DUO --

pumped at SWA T~s wfth sig nqe eme, of 287.44 T11a.
where 8&b is the miode spacing at degeneracy where ta) -=a

TumW in~=. s ,2. The difference between the idler and signal
Teams gping can also be expianded about degeneralcy using

C_ _ _ _ __ _ _ _ __ _ _ _ Eq. (17) sD obtain

V (V~tap 72 kH#/V It .96v 10.80 V Jo e M(8

T (Townu) -124Marc 0o.006 -c ocosa -c 2 (W2

f, (Pmq fWACy) 0.6119 tuft W. Will 1.4 MHz
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The last three equations can be combined to give the desired Eq. (1). Choosing pump frequency o as the variable
approximation for the mode-hop parameter tolerance, parameter C requires the substitutions
namely, 2 ni ( ani) elm

2 d+ o  5 ( )- ) f . (39) 4
and d - 400

The adjustable parameter tolerance related to cavity oc d P
finesse can be obtained from the cavity-round-trip-phase- The signal and idler mode spacings, &,s and &J , will differ
shift sum for which the pumping threshold is twice its only a small amount, and if Fs and F are nearly equal, the
minimum value. From Eqs. (12) and (13) this phase-shift tuning rate is din. /dw  - 1/2.' More generally, for
sum is differing values of .messe, tle tuning rate is in the range 0 <

+ (0 swOsc/ I w < 1. Even though approximately half the
= _ -+pump frequency tuning will be reflected in signal tuning,

only a relatively small spectral range will be covered before a
Since V/= 2r Am, the parameter tolerance determined by mode hop is encountered. Calculated single parameter
cavity finesse is tuning raes for the special case of F s = F. corresponding

the DROs described in section III are given in Table III. The
1T+ + TT.)}/ din (41) partial derivatives needed in this calculation were evaluated

i d~'for wS 0 5 = 287.44 THz (1043 nm) and To = 107.51 'C

The parameter tolerance related to mode hops given by Eq. instead of taken from Table II. As explained earlier, this isThepaameertolracerelte tomoe opsgien y q. required for the evaluation of oy sc0 and dfoy/dT,
(39) is zero at degeneracy and increases linearly with which involve the small differences of two quantities, but
detuning from degeneracy. In practice, however, operation has ile effect on the other values in the table.

precisely at degeneracy was stable for tens of minutes with

no adjustments to the DRO.[10] The parameter tolerance C. Multiple parameter tuning
related to cavity finesse given by Eq. (41) remains
approximately constant independent of detuning from It is possible to extend the continuous tuning range by
degeneracy as long as finesse remains constant. Calculated synchronously adjusting two or three parameters. Adjusting
tuning variable tolerances are given in Table III for the two parameters simultaneously allows the conditions Am = 0MgO:LiNbO 3 DRO for the conditions used to generate Fig. and Am= 0 to be maintained, but Ak will change.15c, 16, and 17. Adjusting three parameters simultaneously permits tuned

B. Single parameter tuning parametric oscillation while maintaining Am, Ants, and Ak
all equal to zero for a specified mode pair, and tuning is

It has been noted by Smith [4] that the continuous limited only by the extent the parameters can be changed.

tuning of a DRO is relatively insensitive to tuning parameterning parameters with C, and C2 adjustable
changes that change the optical length of the DRO resonator n eaied ar aete ithss n f aaebut displays approximately one-half of the change in pump and '3 fixed are used for the discussion of two-parameter

futp o ry t h f is cthange in e ptue o tuning. For the specific case used here, any permutation offrequency. The reason for this is changes in temperature or voltage, temperature, and pump frequency can be used for
applied potential shift signal and idler resonances these three parameters. The conditions Am =0 and Am =
approximately an equal amount. Until a mode hop occurs, determine a relationship between C1 and C2, and use of this
the oscillating frequency remains a compromise between the r be expressed as functions of
center frequencies of the resonances. If finesse is nearly the C1. These relationships can be obtained by first
same for signal and idler, the oscillating frequency changes ese reati onships can be obtine by frlitte, ut f oe oftheresnanes as hghe fiess, ndifferentiating Eqs. (21), (22) and (23) with respect to 41little, but if one of the resonances has higher finesse, it tends yedn
to pull the oscillating frequency more. Since the yielding
conservation of energy condition Eq. (1) must be satisfied, dmn 0~ din5 + dmd
any change in pump frequency also appears in the sum of - 0 = + ', (42a)
changes in signal and idlu frequencies.4 ,di md dd

Single parameter continuous tuning is described by Eq. dm &n. di) dn ins d+

(30), which can be rewritten using m a m. + "h as = 0 = + + (42b)

- am, dC da d4 dC d; dC1

KC 8& VF' + ~ adC 'K(±d~ dAka d4dCand = k + -+ - _. (42c)

In the mathematical development used here, o) and o, have d4 i, WpdC, d4 dC2 dCbeen used as independent variables with o Jeteriied by
Only a small spectral region is being considered, and it is
unnecessary to consider second partial derivatives with
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respect to signal frequency. The first partial derivatives, is important in stable frequency operation of the DRO. The
however, must be evaluated for the operating conditions that case of simultaneous pump frequency and voltage tuning is
are being considered. A specific case wher this is important useful for continuous coverage of the spectral region
is frequency tuning for voltage and temperature adjustment, between the mode hops of single parameter tuning.
which again involves a small difference of terms. Equations Calculated tuning curves for this case are shown in Fig. 18.
(42a) and (42b) are solved for do/dl and d' 2 dl. These The same conditions used in Figs. 15-17 again apply to Fig.
values are substituted in Eq. (42c) to obtain a value for 18. Tuning is taken to the limits of Ak = ±r / I in the figure.
dAk/dCt. Results are calculated for three sets of tuning
parameters and listed in Table IV. The conditions used for Three parameter tuning is presented in two ways. First
these calculations are the same as those used for Figs. 15 -17 a method is described to achieve oscillation at a specified
and Table III. The partial derivatives in Eqs. (42) again were frequency while satisfying the conditions Ak = 0, Am = 0,
evaluated for evaluated for ;O € = 287.44 THz (1043 rm) and Ain.- 0. The description is in mathematical terms, but
and To = 107.51 "C for the geniration of Table IV. has analogy to what could be done experimentally. The first

step is to adjust temperature to achieve phase matching for
TABLE IV. Calculted valus for tw-pam--r tuning of a monolithic the specified frequency. This is just a matter of changing

MlO:L!NbO 3 nRo mils a 27.A4 Tz or AI - 103 om. temperature to the value determined by Eq. (20). Next the
pump frequency and temperature are adjusted simultaneously

Ad l fi, d; iE to maintain the Ak = 0 phase-matching condition and to

p C *"satisfy the condition Am = 0. Numerically this is done by
setting A = 0 and Am = 0 in Eqs. (20) and (21) and solving
for T and w with V and w. held constant. Next three

10-/ . 54 ' C 0.10 147x10": Hz 6 Hz
s  parameters We adjusted simultaneously by solving Eqs. (21)

'2 . V - (23) for T, op and V with () again held constant, and
,4. V .- 160V 0.511 -9 4.10"-- -Q A-6 Am'andAm setto zero.

Hz Hz5
*T

In practice this would be analogous to setting
-= V -5636THz -7 9-1 64 1l0 V- 0O613 WL temperature to a value calculated for phase matching and

;z- T observing the location of the cluster curve nearest the phase-
matched signal frequency. Next, temperature and pump
frequency are adjusted simultaneously to move that cluster
curve to intersect the desired frequency at phase matching.

N" T = 107.54 c t64 1v At this point oscillation is on the resonance nearest the
M 2 4specified frequency. Finally, temperature, pump frequency,

287.44- 1
' 4

59
s v 
5Vand voltage are adjusted simultaneous to bring the cavity>  

resonance to the desired frequency while maintainingU 18089 V 0 1455 o v

z 287,4coincidence of the signal and idler modes and phaseS28743 ov matching.

a: 14459V The second method of three parameter tuning considersi 287,42 p a situation in which oscillation has been achieved with
'8226 v V optimum phase matching and coincidence of the modes in

?0? vC satisfying the conservation of energy condition. Continuous
Cfl 287.41 output frequency tuning is possible over a limited range

-20 -10 0 10 20 while maintaining optimum DRO operating conditions. One
PUMP FREQUENCY SHIFT (GHz) parameter can be changed arbitrarily, but the other

Fig. 18. Calculated tumig for varying vola ad pump fivluency parameters must be changed in a prescribed manner. This
simultaneously in a way to mantain Am 0 mld t&m =0. The dashed prescription for this change is again obtained by
line is the cluster curve of Fig. 17. Tuning limts an taken arth differentiating Eqs. (21) - (23) and this time setting the all
points at which Ak -= x II in the 1.25-cm-long crystal. total derivatives equal to zero. The pump frequency wo is

chosen as the independent parameter, and the differentiaion
yid

Two of the examples given in Table IV are briefly t= 0 at ( -) + aAk dAk dT dAk dv
noted. Voltage-temperature tuning mentioned earlier is of do 0 dO)
interest for operation at a fixed frequency. The rate of
change of output frequency with applied potential when (43a)
voltage and temperature are changed simultaneously to dM 0 + M m d/ dm dV
maintain Am 0 mand Am = 0 is calculated to be -7.9 .0 7) mm
kIiz/V. The magnitude of tIs tuing rate is about 10 times dwp O dwp 7 d"p +

smaller than the single parmeer voltage tuning rte given in (43b)
Table III. and significantly smaller than the 3.5 MHz/V
tuning rate of the cavity resonance. The reduced sensitivity and
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dm = dmd dm dm.dT dmd v
-ILL ZZ o= -- + + !L~- V1. Summary

(43c) The theory used to model tuning of the DRO is verified
at many stages. The first order threshold approximation

Again, only the first partial derivatives evaluated in the agrees well with more general calculations in the limit of low

region of consideration are required. All of the partial cavity loss. The theory accurately models observed cluster

derivatives are determined by material characteristics and curves for two monolithic MgO:LiNbO 3 DROs. The
DRO configuration resulting in three linear equations with modeling includes temperature dependent dispersions,
three unknowns, which are solved by the usual methods. thermal expansion, and the electro-optic and piezoelectric
Continuous frequency coverage can be obtained with an effects in the nonlinear material. The effect of DRO cavity
incremental series of continuous frequency sweeps. A finesse on the fine details of tuning gives a reasonable
calculation of tuning in this manor is shown in Fig. 19. The explanation of observed cluster jumps. Further
extent of tuning for the individual sections will be limited by substantiation of the model in the fine details of tuning is

provided by the accurate prediction of the axial-mode-hop
the range of parameter adjustment. For example, there may roe y the arate c in o a d
be a maximum voltage that can be applied or the extent of rate far tuning parameter change.
pump frequency tuning may be limited. A limit of ± 1000 V An understanding of DRO tuning is important for
was used in the figure. controlled stable operation. Continuous tuning rates were

calculated for single and multiple parameter adjustment.The calculations of two and three parcmeter tuning show Tolerances for stable operation were estimated. The results
that a DRO can be tuned to any frequency in its operating of these calculations will be useful for DRO design
range t3] with reasonable adjustment of the tuning optimization. Multiple parameter tuning including pumpparameters. Continuous tuning is possible over spectral frequency adjustment will be required to reach any arbitrary

ranges of approximately the extent of a free spectral range.

Complete coverage of larger spectral regions has to be done frequency in the OPO operating range. With appropriate

by scanning a series of smaller regions. The control of control the DRO will be able to produce stable outputs with
individual parameters, particularly temperature, require frequency stability as good as that available in the pump

difficult tolerances, The control problem can be shifted to soIrCe.

another more easily controlled parameter such as voltage The DRO should find application in the generation of
with multiple parameter control of the DRO. The degree of stable fixed-frequency radiation. Incremental tuning in
correction required on the second parameter can then be used controlled mode hops or cluster jumps will have applications
as an error signal to control the first parameter. Fortunately, ctros nd difer sorption S
te oscillating frequencies of the monolithic DRO exclusive in spectroscopy and differential absorption LIDAR. Slow.
of mode hops are relatively insensitive to voltage and high-resolution tuning will be possible over limited
temperature changes. If mode hops and cluster jumps are frequency ranges for spectroscopic applications.
avoided, the frequency change of the DRO is approximately The theory presented here could easily be extended to
one half the frequency change of the pump. DRO configurations other than monolithic devices. Other

degrees of freedom such as direct length control in a discrete
component DRO would provide greater versatility in
operation. Independent control of signal and idler cavity
lengths would be useful in providing greatly extended ranges
of continuous tuning. The development of stable DRO

287 45 operation is now possible through the combination of2874 / . //eimproved nonlinear optical materials and frequency stable
t /laser development such as diode-pumped solid-state lasers.

.-- 0 V Optical parametric oscillators again appear to be on the
S07 37 C 107 threshold of achieving a potential that was first understood

Z 6O twenty-five years ago.

287.44 o00v .1000 V
w 107 735C 107301C

,,a: :Appendix A. Material properties of MgO:LiNbO3
-00.10 V related to DRO tuning

Z 107 733 C 107 299 C

*- "" /A. Temperature Dependent Dispersion
(n 287.43 o A

-20 -10 0 10 20 Edwards and Lawrence (26] have developed
PUMP FREQUENCY SHIFT (GHz) temperature dependent dispersion equations for congruently

grown LiNbO3 based on data reported by D. F. Nelson and
Fig. 19. Calculated ning for varying voltage, pump fhequency, ad R. M. Mikulyak [27] and Smith, Riccius and Edwin.[28]
temperature simultaneously in a way to maini Am - 0, Am$ a 0, and They use dispersion equations of the form
1k = 0.
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n 2 A + A2 +BF + B3F A4 2  B. Electro-OpticEffect

2 (A3  B2F)2 Electro-optical, piezoelectric, and thermal expansion
(A 1) characterization of LiNbO3 are reviewed by Rauber.[31] A

where somewhat more extensive tabulation of electro-optical

F = (T - T)( T + To + 546) , (A2) coefficient measurements is given by Yariv and Yeh.[32]
Their treannent of electro-optical effect is followed here. The

A is wavelength in Im, and T is temperature in *C. index ellipsoid in a principle coordinate system is given by

Coefficients for congruent LiNbO3 are as follows: 2 2 2x y z
I + Z + - = 1.

2 2 2
Ordinary Extrordinarv n. ny n.

A1  4.9048 4.5820 (A3)
When an electric field is applied, the electro-optical effect is

A 2  0.11775 0.09921 described by the modified index ellipsoid

A 3  0.21802 0.21090 +r )

A4  0.027153 0.021940 ( 2 n) ( (

B1  2.2314x10 -8  5.2716x10- 8  
X  Y

B2  .2.9671x10-8  -4.9143x10-8 + 2r4kEky z + 2rskEkX Z + 2 rhkEkxy = 1

B 3  2.1429xi0 8  2.2971x10-7  (A4)

To  25 25 3
where rikEk =, rEk, i=I,. .6

The material used in this work is not congruent LiNbO3; k-
rather, it is 5%MgO:LiNbO 3. There is little refractometric
data available for the second material. To obtain an For point group 3m , to which UNbO 3 belongs, the
approximate set of equations for 5%MgO:LiNbO 3, the following relationships apply:
extraordinary index was adjusted by changing AIE from
4.5820 to 4.55207. This has the effect of increasing the
calculated noncritical phasematehing temperature for 1064- to n = = no, nz = ne, and
532-nm second harmonic generation from -19.4 *C to
107.04 *C. The measured value for the MgO doped material 0 -r22 r13
is 107 "C.[29] This modification to the congruent dispersion
equations accurately reproduces the observed tuning curve 0 r 22 r13
for a singly resonant OPO that was tuned between 0.85 and
1.48 g.m by varying temperature between 122 and 190 0 0 r33
'C.[30] This modification also predicts parametric r
ilorescence pumped at 514.5 and 488 nm when the crystal is A 0 r5 i 0 (A5)
tuned between 100 and 450 "C (Table Al).

r.1 0 0

TABLE Al. Comparison of nmred and calculated values for -r22 0 0

paramneric fluoresceace in MSO:LiNbO3. There are only four independent electro-optical coefficients.
pm *4W-nm po wavelenph we consider only application of an electric field along the y

514.5-nm pp wavelenth -ppaxis (E = Ey) which further simplifies the index ellipsoid to
2

tempfm= fl If rII m '- Ex 2 E +(-L + r2E) + 2

em ni; avelealo wav C10110 o non

145'C 777.1 rm 146.70 *C 673.3 nm 143.17 C

198 741.2 196.21 653.1 194.93 + 2rSlEy yz (M)

248 710.3 243.26 634.5 245.18

291 694. 293.38 617.3 294.12 The presence of the yz -cross term shows that the electro-

311 674. 312.52 opticll effect results in a slight rotation of the principle axes.

348 660.8 341.50 601.3 341.86 This is a small effect that accounts for less than 1% of the

398 639.2 389.31 585.7 390.38 refractive index change even at the highest fields that are
considered here; therefore, this rotation is ignored. For

s 6192 46.6 propagatlon in the x-dircton we have
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-,112 Eequations. The elongation of the DRO cavity is given by

__n_-(_ S11, the x-component of change of a vector that lies in the x-

Y 2 2 direction. For these measurements electric field is applied in
the y-direction Ey, and he modulus d211 is required for the

and n. mcalculation of stain. The symmetry of the stress tensor
allows the use of a contracted subscript notation in which the
modulus d2li is expressed as d2l. The 3m symmetry of the

Yariv and Yeh [321 ist three values for r'22 of LiNb0 3  lithium niobate crystal reduces the number of independent
measured with low-frequency applied electric field for moduli to 4. The reduced matrix of piezoelectric moduli for
different optical wavelengths: point group 3m is

r22(633 am) = 6.8 x 1012 m/V, 0 0 0 0 d15 -2d 22 '

r22(l.15 gm) = 5.4 x 10-12 rn/V, and

r22( 3. 39 pm) =3.1 x 10-12 M/V. (dj.) = d22 0 di5 0 0 . (All)

These values suggest that we use r22 = 5.5 x 10-12 MN near
the wavelength 1.06 pm, the wavelength region at which our d31 d31 d33 0 0 0
5%MgO:LiNbO3 DRO was operated. The value 6.8 x 10312

m/V is from a measurement reported in 1967.[33] Note that Using the relationships between the moduli, it follows that
this measurement was made even before the growth of strain is given by
congruent LiNbO3 was reported.[34,351 We are working
with a yet slightly different material 5%MgO:LiNbO 3, SIt = d211E I1 = d21El = -d22Ey (A12)
[24,25) and caution is required in applying these values.

The valjj of piezoelectric modulus reported by Smith and
C. Thermal Expansion Welsh,' 0 d22 = 2.08 x 1011 Coulombs per Newton, is

used. They identify the LiNbO3 which they used as
Thermal expansion measurement to second order in commercially grown with a Curie point of 1165 *C. Sound

temperature for LiNbO 3 have been reported by Kim and propagation measurements were used to determine the
Smith.[36] They express the fractional change of length piezoelectric moduli.
with the quadratic function

l a (T TR) + P (T TR)2 (M) The derivatives used in Eqs, (20). (21), and (22) are

T" = ( expanded in Eqs. (18) and Table I. Evaluation for the
experimental conditions described in Section IV using the

where I is length, Al is change in length, T is temperature in material properties described above is given in Table II.
"C, and TR = 25 'C is a reference temperature. The DRO Derivatives involving the electro-optic and piezoelectric
length is measured along the crystal x-axis. One set of effects are given with respect to voltage applied to the
coefficients, electrodes on the crystal surfaces perpendicular to the y-axis.

all = 1.54 x 105 "C An effective crystal thickness between the electrodes r is
used, and these derivatives are given by

and Pit = 5.3 x 10-9 "C-2, OA = (, n'+w. ni3) r. ,
2  (A13)

apply to expansion in the xy -plane, and a second set to
expansion in the z -direction. The spread in measurements
reported by Kim and Smith suggest an accuracy of about dm l$ ( +n) d22 (an + n 322
10% in the two coefficients. W - 1 2

D. Piezoelectric Effect and (A14)

The direct piezoelectric effect describes the electric .n o d + 22}

polarization P that results when a stress T is applied to a Wj -c--ns°sd 2 2 + n" " (AI5)
material by the relationship

= T, (A9)
Acknowledgements

where di, are the piezoelectric moduli. The converse
piezoelec € effect describes the strain S that results when an This work was supported by the Office of Naval

electric field is applied to a piezoelectric material by the Research through contracts N00014-88-K-0576 and

relationship [371 N00014-98-K-0701 and by NASA through grant NAGW-

Sjk - dij Ei . (A10) 1760. C. D. Nabors and W. J. Kolovsky are grateful to the
Fannie and John Hertz Foundation for support of their

Summation of the repeamed indices is implied in both of the graduate studies. The authors express their appreciation to

above equations, and the modul di are the same in both Crystal Technology of Palo Alto, CA for supplying the
MgO:LiNbo 3 material. Our appreciation is also extended to

-22-



many individuals who helped in a number of ways. Martin 15. A. Siegman, Lasers (University Science Books. Mill Valley.
Fejer and Eric Gustafson provided many helpful discussions CA, 1986), pp. 435-436.
and suggestions in the course of this work. Dieter Jundt 16. G. D. Boyd and D. A. Klinman. "Parametric interaction of

performed the parametric fluorescence measurements of focused Gaussian light beams," J. Appl. Phys. 39, pp. 3597-3639 (1968).phase matching for MgO:LiNbO 3 . Stephen Yang operated 33 16)
the apparatus for the measurements shown in Fig. 10. The 17. W. J. Kozlovsky, C. D. Nabors, R. C. Eckardt and R. L Byer,

"Monolithic MgO:UNbO3 doubly resonant optical parametric
help of Janet Okagaki in formating and preparing the figures oscillator pumped by a frequency-doubled diode-laser-pumped
and the optical fabrication of the monolithic DROs by Joe Nd:YAG laser," Opt. Lea. 14, pp. 66-68 (Jan. 1. 1989).
Vrhel are especially appreciated. 18. C. D. Nabors, R. C. Eckardt, W. I. Kozlovsky, and R. L. Byer,

"Efficient, single-axial-mode operation of a monolithic
MgO:LiNbO 3 optical parametric oscillator." Opt. Let. 14.
1134-1136 (Oct. 15,1989).

Present address, MIT Lincoln Laboratory, 244 Wood St.. Lexington, 19. T. Kane and I L. Byer, "Monolithic, unidirectional, single-
MA 02173 mode Nd:YAG ring laser," Opt. Let. 10, pp. 65-67 (Feb. 1985).

20. A. Nilsson, E. Gustafson, and R. L. Byer, "Eigenpolarization
t Present address, IBM Almaden Research Center, 650 Harry Rd., San theory of monolithic nonplanar ring oscillators." IEEE I.
Jose, CA 95120 Quantum Electron. 25. pp. 767-790, (April 1989).

21. W. J. Kozlovsky, C. D. Nabors and R. L. Byer, "Efficient
Refences sco harmonic generation of a diode-laser-pumped cw Nd:YAG
1. J. A. Giordmaine and R. C. Miller, "Tunable coherent parametric laser using monolithic MgO:LiNbO 3 external resonant cavities,"

oscillation in LiNbO 3 at optical frequencies." Phys. Rev. Lett. IEEE J. Quantum Electron. 24, pp. 913-919 (June. 1988).
14, pp. 973-976 (1965). 22. B.-K. Zhou, T. J. Kane, G. J. Dixon and R. L. Byer, "Efficient,

2. J. A. Giordmaine and R. C. Miller, "Optical parametric fnquency-stable laser-diode-pumped Nd:YAG lasers," Opt. Let.
oscillation in LiNbO 3 ," in Physics of Quantum Electronics, P. 10, pp. 62-64 (Feb. 1985).
L. Kelley, B. Lax and P. E. Tannnwald, eds. (McGraw, New 23. T. J. Kane, A. C. Nilsson and R. L. Byer, "Frequency stability
York, 1966), pp. 31-42. and offset locking of a laser-diode-pumped Nd;YAG monolithic

3. 0. D. Boyd and A. Ashkin, "Theory of parametric oscillator nonplanar ring oscillator", Opt. Lett. 12, pp. 175-177 (March
threshold with single-mode optical masers and observation of 1987).
amplification in LiNbO 3 ." Phys. Rev. 146, pp. 187-198 24. Gi-Guo 2hong, Lin Jian and 2hong-Kang Wu, 11 th International
(1966). Quantum Electraics Conference. (IEEE, New York, Cat. No. 80

4. R. G. Smith. "A study of factors affecting the performance of a CH 1561-0, 1980), p. 631.
continuously pumped doubly resonant optica, parametric 25. D. A. Bryan. R. R. Rice, R. Gerson, H. E. Tomaschke. K. L.
oscillator," IEEE J. Quantum Electron. QE-9, pp.530-540 Sweeney and L. E. Halliburton, "Magnesium-doped lithium
(1973). mobate for higher optical power applications," Opt. Eng. 24,

5. S. E. Harris, "Tunable optical parametric oscillators," Proc. pp. 138-143 (1985).
IEEE 57, pp. 2096-2113 (1969) 26. G. 1. Edwards and M. Lawrence, "A temperature-dependent

6. R. G. Smith, "Optical parametric oscillators," in Advances in dispersion equation for congruently grown lithium mobate," Opt.
Lo, es, vol. 4, A. K. Levine and A. J. DeMaria, eds. (Dekker, Quantum Electron. 16. pp. 373-375 (1984).
New York. 1976), pp. 189-307. 27. D. F. Nelson and R. M. Mikulyak, "Refractive indices of

7. R. L. Byer, "Parametric oscillators and nonlinear materials," in congruently melting lithium niobate," J. Appl. Phys. 45. pp
Nonlinear Optics, P. G. Harper and B. S. Wherrett, eds. 3688-3689, (1974).
(Academic. San Francisco, 1977), pp. 47-159; 28. D. S. Smith, , D. Riccius and R. P. Edwin, "Refractive indices
R. L. Byer, "Optical parametric oscillators," in Quantum of lithium niobate," Opt. Commun. 17, pp. 332-335 (1976);
Electronics: A Treatise, vol. 1. part B. H. Rabin and C. L. Tang, errata, 20, p. 188 (1977).
eds. (Academic. New York 1975). pp. 587-702. 29. J. L. Nightingale, W. J. Silva, G. E. Reade, A Rybicki, W. J.

8. for example see A. Yariv, Quantum Electronics, 3rd. ad. (Wiley, Kozlovsky and R. L Byer, "Fifty percent conversion efficiency
New York, 1989), chapter 17, or Y. .Shen. The Principles of second harmonic generation in magnesium oxide doped lithium
Nonlinear Optics (Wiley, New York, 1984), diapter 9. niobate," Proc. SPIE 681. Lasers and Nonlinear Optical

9. R. Graham and H. Haken, "The Quantum-Fluctuations of the Materias, pp.20-24 (1986).
Optical Parametric Oscillator. I," Z. Phys. 210, pp. 276-302, 30. W. J. Kozlovsky, E. K. Gustafson, R. C. Eckardt and R. L.
(1968). Byer. "OPO performance with a long pulse length, single

10. C. D. Nabors, S. T. Yang, T. Day, and R. L Byer. "Cohernce frequency Nd:YAG laser pump," Proc. SPIE 912. Pulsed
properties of a doubly-resonant monolithic optical parametric Single-Frequency Lasers: Technology and Applications, pp. 50-
oscillator." to be published in J. Opt. Soc. Am. B. 53 (June, 1988).

11. J. E. Bjorkholm. "Analysis of the doubly resonant optical 31. A. Riuber. "Chemistry and Physics of Lithium Niobate," in
parametic os alltor widima pow -dqxidt refleedot," MEE Carev Topics in
J. Quantum Eectron. QB-S. pp.293-295, (1969). Materials Science," vol. 1, E. Kaldis, ed. (North-Holland,

12. 1. Falk, "Instabilities in the doubly resonant parametric Amstadar, 1978), pp. 481-601.
oscillator. a theorstical analysis," IEEE J. Quantum Electron. 32. A. Yariv and P. Yoh, Optical Waves in Crystals. (Wiley, New
QE-7, pp. 230-235 (1971). York, 1984), ch. 7.

13. J. A. Armstong . N. Bloembergan, J. Dooming, and S. Pershan, 33. J. D. Zook, D. Chem and G. N. Otto. "Temperature dependence
"Interactions between light waves in a nonlinear dielectric," and model of the electro-oitic effect in LiNbO3 ." Appl. Phys.
Phys. Rev. 127, pp. 1918-1939 (1962). Lou. 11, pp. 159-161 (1967).

14. M. Bon and E. Wolf, Principles of Optics. 3rd ed. (Petamon, 34. R. L. Byer, J. F. Young, and R. S. Feigelson, "Growth of high-
Oxford, 1965), pp.323-329. quality LiNbO3 crystals from the congruent melt," J. Appl.

Phys. 41, pp. 220 (1970).

-23 -



35. F. R. Nash, G. D. Boyd, M. Sargent Il and P. M. BEidebaugh,
"Effect of optical inhomogeneities on phase matching in
nonlinear crytals," J. Appl. Phys. 41, pp. 2564-2575 (1970).

36. Y. S. Kim and R. T. Smith, "Thermal expansion of lithium
tantalate and lithium niobale single crystals," J. Appl. Phys. 40,
pp. 4637-4641 (1969).

37. J. F. Nye, Physical Properties of Crystals (Oxford, London,
1985), ch.7.

38. R. T. Smith and F. S. Welsh, "rempensure dependence of the
elastic, piezoelectric, and dielectric constants of lithium tantalate
and lithium niobate," J. Appl. Phys. 42, pp. 2219-2230
(1971).

.24-


